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ABSTRACT
GIANT PLAGIOCLASE IN THE STEENS BASALT, SE OREGON: CUMULATE
ENTRAINMENT REVEALED BY TEXTURAL AND IN SITU CHEMICAL
ANALYSIS
by
Conner Harrison Toth
May 2018
Many of the lava flows comprising the Steens Basalt in SE Oregon, the oldest and
most mafic formation of the Columbia River Basalt Group (CRBG), contain exceptionally
large (up to 5 cm) and abundant (up to 40 modal %) plagioclase crystals. This thesis
presents a model for giant plagioclase formation in a complex system that integrates
petrographic and in situ plagioclase compositional analyses with whole-rock data and
computational modeling to explain systematic textural and chemical differences between
plagioclase of the lower and upper Steens Basalt sub-sections.
Lower Steens plagioclase are typically more chemically homogenous than upper
Steens plagioclase and exhibit textures and morphologies consistent with nucleation of
crystals in equilibrium with the erupted magma. In contrast, upper Steens plagioclase are
more chemically zoned and frequently exhibit textural and isotopic disequilibrium
consistent with the preservation of antecrystic material. Computational modeling provides
further support to the interpretation that plagioclase in the Steens Basalt likely formed in
response to the entrainment of a plagioclase-bearing cumulate, and the composition of the
magma chamber into which the cumulate plagioclase crystals were entrained dictates the
behavior of plagioclase upon entrainment: cumulate plagioclase entrained into a lower
iii

Steens-type magma chamber (higher MgO) were mostly to completely resorbed, inducing
plagioclase saturation and new crystal growth. In an upper Steens-type magma chamber
(lower MgO), plagioclase would be stable, so entrained cumulate plagioclase crystals were
likely preserved as antecrysts and coarsened after entrainment. These interpretations
provide valuable insight into the magmatic processes that occur in large-volume basaltic
systems.
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CHAPTER I: INTRODUCTION
Basalt flows define the landscape of eastern Washington, eastern Oregon, and the
surrounding region. Large volumes of basaltic lava erupted across the surface during the
Miocene epoch, covering the area with thick layers of lava now known as the Columbia
River Basalt Group (CRBG, Reidel et al., 2013b). Volcanic provinces like this are not
unique to the Pacific Northwest. Similar, larger continental flood basalts are preserved
around the world in places like Siberia, China, India, and elsewhere. The eruption of such
large volumes of lava has the potential to affect global climate (Self et al., 2014). Studying
continental flood basalts gives scientists a window into Earth processes that cannot be
directly observed by humans. Such research provides insight into magma transport and
storage and how those processes relate to eruptions that formed the thick sequences of lava
preserved on the surface as flood basalts.
The lava erupted in SE Oregon at the onset of Columbia River Basalt volcanism is
known as the Steens Basalt and is the focus of a collaborative research project by students
and faculty at Central Washington University and Oregon State University aimed at
gaining a better understanding of the magmatic properties and plumbing system that fed
the Steens Basalt eruption. This thesis analyzes large and abundant plagioclase that are
near-ubiquitous in the Steens Basalt. Understanding the origin of these very large (up to 5
cm) and abundant (up to 40 modal %) plagioclase provides insight into magmatic processes
like magma recharge, crustal assimilation, and fractional crystallization that are responsible
for the lavas sampled at the surface. Similar giant plagioclase basalts are found in other
flood basalt provinces, and the hypothesized model of giant plagioclase formation
presented in this study may be applicable to these localities.
1

To place this research in context, I provide background information on the
Columbia River Basalts in the following section, along with a discussion of the existing
interpretations of the Steens Basalt by collaborators. Descriptions of three basic origins for
giant plagioclase formation in other flood basalt provinces follow. The subsequent sections
describe the methods used in this study and the results. These results form the basis for
evaluation of the hypotheses for the origin of giant plagioclase. Finally, I propose a new
model for giant plagioclase formation that integrates the in situ mineral data collected in
this study with the results of collaborative work on the Steens Basalt.
CHAPTER II: BACKGROUND
Flood basalts are among the largest expressions of volcanism on the Earth, with
examples found on nearly every continent and ocean plateau (Fig. 1). The volume of basalt
erupted from the largest continental flood basalt provinces, for example the 250 Ma
Siberian Traps, can exceed 1,000,000 km3 (Self et al., 2014). All continental flood basalts
share important characteristics: eruptive volumes of hundreds of thousands of cubic
kilometers, high eruption rates (tens to hundreds of km3/yr.), and relative chemical
homogeneity (Garfunkel, 2008). By studying petrologic and chemical characteristics of
flood basalt rocks, geologists gain insight into magmatic processes responsible for these
huge volumes as well as processes that contribute to the formation of the associated crust.
Most large-volume eruptive events are interpreted to be sourced from a mantle plume,
although abundant evidence from trace element and isotopic signatures suggests that these
asthenospheric magmas interact with the lithosphere (Garfunkel, 2008; Ramos et al., 2013;
Heinonen et al., 2018). Continued research aims to document the processes that contribute
to erupted magma signatures and to quantify the balance of mantle and crustal input.
2
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Figure 1: Distribution of large igneous provinces (LIPs) around the world (from Bryan and Ferrari, 2013). Ages are those of first pulse or peak
magmatism of the province. Green lines tie provinces that have rifted apart. Note the smaller extent of the Columbia River-SRP-Yellowstone
province compared to other flood basalts like the Siberian and Deccan Traps. Abbreviations: CAMP—Central Atlantic magmatic province;
EUNWA—European, northwest Africa; HALIP—High Arctic large igneous province; NAIP—North Atlantic igneous province; OJP—Ontong
Java Plateau; RT-ST—Rajmahal Traps–Sylhet Traps; SRP—Snake River Plain; KCA—Kennedy-Connors-Auburn.

The following sections provide background for the Columbia River Basalts, including the
Steens Basalt, and an overview of the existing interpretations regarding the Steens
magmatic system and giant plagioclase in other large-volume basaltic systems.
The Columbia River Basalt Group
Among continental flood basalts, the Columbia River Basalt Group (CRBG) is the
smallest and youngest, and yet because of its exposure and location, it is perhaps the best
studied. Eruption of dominantly tholeiitic basalt and basaltic andesite during the middle
Miocene (~17 Ma) marked the onset of continental flood basalt volcanism in this region,
and was likely related to the initiation (Camp, 2013; Camp and Hanan, 2008) or resurgence
(Wells et al., 2014) of the Yellowstone-Snake River Plain hot spot. Inflated pāhoehoe lava
flows are typical of the CRBG, though ʻaʻā flows and rare spatter features have been found.
Individual flows reach over 30 m in thickness in some localities and commonly exhibit
columnar jointing (e.g. Thordarson and Self, 1998). Well-preserved and extensive
exposure across the province, and proximity to major metropolitan areas and research
institutions make the CRBG an ideal natural laboratory to study the various magmatic
processes that give rise to large-volume basaltic eruptions across the globe (Reidel, 2015).
Geologic Setting and Proposed Mantle Source Characteristics of Columbia River Flood
Basalt Volcanism
The Columbia River Basalt Group is named for the vast exposure of the province
in the Columbia River Gorge between Washington and Oregon, although these basalts
extend far beyond the eponymous river. Approximately 210,000 km2 of eastern
Washington, eastern Oregon, and parts of Nevada and Idaho are covered by various basalt
flows comprising the Columbia River Basalt Group (Fig. 2). The semi-arid climate of most
4

Figure 2: Extent of the Columbia River Basalt Group in the Pacific Northwest U.S. The full extent
of all Columbia River Basalt Group formations is shown, with the Steens Basalt in orange. Study area
marked with a star. Red lines show approximate locations of feeder dikes, and the grey dashed line is
the 0.706 87Sr/86Sr isopleth that roughly demarcates the boundary between accreted terranes and the
continental craton. Present-day Cascade stratovolcanoes are marked with green triangles. The
Yellowstone-Snake River Plain Hotspot Track (marked YSRP) extends eastward from the Steens
Basalt area. Figure modified after Camp et al. (2013).
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of this region preserves outcrops that are accentuated by geologically-recent faults, folds,
glacial activity, and fluvial processes. In total, an estimated volume of 210,000 km3 of lava
erupted during the middle Miocene from ~17 Ma to 5.5 Ma, although ~93% of this total
erupted during the main eruptive phase lasting ~1.2 Myr from 16.8 Ma to 15.6 Ma. The
main eruptive phase consists of five formal lithostratigraphic units: the Steens Basalt (~1716.6 Ma); the Imnaha Basalt (~16.7-16.0 Ma); and the Grande Ronde, Prineville, and
Picture Gorge Basalts (~16.0-15.6 Ma). Volcanic activity peaked with the Grande Ronde
Basalt, which alone accounts for 72% of the total CRB eruptive volume, yet erupted during
a span of only ~400,000 yr. Activity waned after the Grande Ronde, as less than 15,000
km3, or 7% of the total volume, erupted over the ~10 Myr span from 15.6 Ma to ~5.5 Ma,
forming the remaining two of the seven CRBG formations, the Wanapum and Saddle
Mountains Basalts (Reidel et al, 2013b; Barry et al., 2013; Moore et al., in revision).
Volcanism associated with the CRBG occurred on the Oregon Plateau and
Columbia Basin in a structurally complex region near the western North American
continental margin (Reidel et al., 2013a). During CRBG eruption, subduction of the
Farallon plate formed a back-arc basin between the active island arc to the west and
overriding North American craton to the east. Volcanism associated with back-arc
extension is preserved on the Oregon Plateau, though it pre-dates the dominantly tholeiitic
large-volume activity characteristic of continental flood basalt volcanism beginning at ~17
Ma (Camp, 2013; Barry et al., 2013).
Columbia River flood basalts erupted from a series of fissure dikes, the orientations
of which were likely controlled by preexisting stress regimes in the crust. The earliest and
southernmost dikes trend NNE and were interpreted to have intruded through crust
6

weakened by extension in the Western Nevada Shear Zone. Dikes are progressively
younger moving north, trend northwest, and are aligned with preexisting fault-fracture
systems and the Miocene stress regime associated with back-arc extension (Reidel et al.,
2013a; Reidel et al., 2013b). Hypotheses for this 450 km migration of the locus of volcanic
activity over 1.1 Myr include a lithospheric gap caused by tearing and rollback of the
Farallon slab that filled with upwelling mantle material, or the thick continental craton
blocking rising mantle material, funneling it to the north (Camp, 2013).
Some researchers attributed the source of CRBG magma to upwelling of depleted
sublithospheric mantle that took advantage of crustal weaknesses resulting from back-arc
extension (Carlson and Hart, 1987); however, most researchers note a lack of evidence that
extension alone could generate such a large eruptive volume, fast eruption rate, and
geographic migration of CRBG volcanism (Camp, 2013; Camp and Hanan, 2008; Hooper
et al., 2007; Ramos et al., 2013; Reidel et al., 2013a; Reidel et al., 2013b; Wolff et al.,
2008; Wolf and Ramos, 2013). Initiation of CRBG volcanism coincides both temporally
and geographically with the onset of Miocene rhyolitic volcanism at the head of
Yellowstone-Snake River Plain (YSRP) hotspot track, suggesting that flood basalt
volcanism arose from the same mantle processes responsible for the YSRP hotspot, which
is commonly attributed to a mantle plume (Hooper et al., 2002). Prevailing hypotheses
based on geochemical data suggest that CRBG lavas are derived from a mantle plume
source that interacted with the lithosphere to varying degrees (Ramos et al., 2013; Wolff
and Ramos, 2013).
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Compositions of CRBG formations have been described as mixtures of various
source components from the crust and mantle (Fig. 3) (Gunn and Watkins, 1970; Carlson,
1984; Hart and Carlson, 1985; Carlson and Hart, 1987; Ramos et al., 2005; Wolff et al.,
Figure 3: 206Pb/204Pb versus
87
Sr/86Sr of major CRBG
formations (from Wolff et al.,
2008), showing the relationship
among Imnaha, Grande Ronde,
Picture Gorge and Steens
Basalts. A field for Pacific
MORB is also included, as are
arrows showing how crustal
contamination will affect these
isotopic signatures. Black lines
are mixing lines between the
Imnaha component, interpreted
by Wolff et al. (2008) as the
plume, and values within the
Pacific MORB field.

2008; Ramos et al., 2013; Wolff and Ramos, 2013). The primary mantle plume source is
referred to as the “Imnaha component” (Wolff et al., 2008), which is similar to the “C2”
component described by Carlson (1984). Carlson interpreted this source component as
crustally-contaminated upper lithospheric mantle, but it is now commonly accepted to
reflect a mantle plume, as evidenced by its deep-mantle 3He/4He signature (Wolff et al.,
2008; Wolff and Ramos, 2013; Camp and Hanan, 2008; Camp, 2013). Other source
components include depleted mid-ocean ridge basalt (MORB)-like material and
contaminants from different lithospheric components. As the distributions of data in Fig. 3
demonstrate (Wolff et al., 2008), mixing of these sources is evident (e.g. the Steens Basalt
field falls between the depleted MORB component and the Imnaha plume component).
Though the balance of source materials may explain the chemical distinctions
among the more primitive magmas of the CRBG, the compositions of more evolved lavas
8

within a single unit are also dictated by various processes in the associated magma
plumbing system. Composition may reflect the phase equilibria of a magma crystallizing
in a closed-system; however, in addition to fractional crystallization, petrogenesis may also
be dictated by the interplay of the open-system magmatic processes of magma
recharge/magma mixing and crustal assimilation. Determining the relative influence of
these processes is fundamental to understanding any magma system and to documenting
the roles that mantle and crust play in the formation of flood basalt magmas. Study of the
magmatic processes operating at the beginning of the life span of a flood basalt province
(i.e. the Steens Basalt) provides important insight into the earliest interaction between the
plume and the crust. A description of the geological characteristics of the Steens Basalt
formation is followed by a discussion of the interpretations to date that have been drawn
from this collaborative research regarding the open-system nature of the Steens magmatic
system; this background sets the foundation for my study of giant plagioclase.
The Steens Basalt
The earliest manifestation of CRBG volcanism is found on the Oregon Plateau,
where an exposed sequence of tholeiitic basalt to mildly alkaline basaltic trachyandesite
forms Steens Mountain, the type locality of the Steens Basalt formation (Camp et al., 2013;
Reidel et al., 2013b). The Steens Basalt is informally subdivided into lower and upper
members, based on age and composition (Fig. 4), with the older, more chemically
homogenous lower Steens comprising mainly tholeiitic, olivine-phyric flows (i.e., more
primitive) and the more heterogeneous upper Steens comprising more trachybasalt and
basaltic andesite flows that have more plagioclase and less olivine (i.e., more evolved).

9

Figure 4: Total alkali
versus silica diagram of
Steens Basalt samples.
Compositional categories
are based on Le Bas et al.
(1986). Whole-rock data of
Steens Basalt samples from
Bendaña (2016) and Moore
et al. (in revision) Blue
triangles are lower Steens
Basalts, and red triangles
are upper Steens Basalts.

Physical Volcanology
A vertical sequence of lava flows ~1,000 m thick exposed along the normal fault
escarpment forming Steens Mountain contains over 200 individual lava flows. This area
was chosen as the type locality for Steens Basalt as it likely represents the entire
stratigraphic sequence, from the basal contact with older rocks to exposed flow tops near
the summit of Steens Mountain (Camp et al., 2013; Reidel et al., 2013b). The topographic
expression of Steens Mountain is characteristic of Basin and Range extension, with a
gently-dipping (~11° WNW) western slope leading to the summit ridge, east of which lies
the dramatic cliffs of the escarpment (Gunn and Watkins, 1970). Lavas appear to emanate
from a group of NNE-trending dikes centered around Steens Mountain. Some researchers
interpreted Steens Mountain to be the remnants of a Hawaiian-style shield volcano (Camp
10

and Ross, 2004), based on the existence of a circular magnetic anomaly that encompasses
vertically-dipping dikes up to a few meters wide that commonly cross cut basalt flows at
Steens Mountain. Stratigraphic correlations suggest that the earliest eruption of Steens
lavas was widespread across vents scattered along the Steens Escarpment, but concentrated
towards Steens Mountain over time, possibly forming a shield volcano (Camp et al., 2013).
While Bondre and Hart (2008) agreed that field evidence strongly demonstrates that the
bulk of lava flows emanated from around Steens Mountain, they argued that available
evidence is insufficient to conclude that the morphology represents anything more than a
tilted fault block.
The Steens Basalt consists of hundreds of compound lava flows 10 to 50 m thick
that are made up of thinner, individual lobes averaging less than 2 m thick (Camp et al.,
2013). Lavas are dominantly pāhoehoe, with remnants of ropey flow tops visible on the
surface in some localities on the western slope of Steens Mountain; some brecciated a’ā
flows have also been observed (Bondre and Hart, 2008). Sedimentary interbeds, paleosols,
and surface weathering are virtually absent within the Steens section, which along with
radiometric ages, is evidence that relatively high rates of effusion (~0.67 km3/yr. vs. 0.36
km3/yr. for the Grande Ronde) produced nearly continuous eruption of lava flows that
formed the bulk of the Steens Basalt over <50,000 yr. (Camp, 2013). Flow morphology of
the earliest lavas was dictated by irregular local topography, resulting in an angular
unconformity at the base of the Steens sequence (Reidel et al., 2013b and references
therein). Though estimates of topographic relief of the area prior to basalt emplacement
vary from minimal up to 1,000 m, any topographic lows would have likely been filled in
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by the earliest lava flows, creating a flat surface onto which subsequent lavas flowed
(Bondre and Hart, 2008).
Steens lava flow morphology differs from that of the majority of other CRBG
formations. While large flow fields such as the Roza Member of the Wanapum Formation
can produce large, inflated flows reaching up to 100 m in thickness, Steens flows are rarely
more than 30 m thick and are composed of many smaller flow lobes averaging 2 m in
thickness (Thordarson and Self, 1998; Bondre and Hart, 2008). Vesicle-poor lava flow
cores surrounded by vesiculated upper and basal crusts that commonly characterize
pāhoehoe flow lobes around the world are also common in Steens flows. Crystals in phyric
flows may be relegated to the top or bottom of flows, leaving a crystal-poor flow core,
indicating flotation or settling of solids internally (Bondre and Hart, 2008). Characteristics
of individual flows and constituent crystals sampled for this study will be discussed further
in the Results section.
Age Range and Stratigraphic Correlation of Steens Basalt
The earliest recorded statistically-robust 40Ar/39Ar age marking the onset of activity
at Steens Mountain is ~17 Ma, and the youngest recorded flows are reliably dated to ~16.4
Ma (Barry et al., 2013; Moore et al., in revision). These ages encompass commonly cited
ages from 16.8-16.6 Ma for the bulk of Steens eruptions (Reidel et al., 2013b; Camp et al.,
2013; Hooper et al., 2002) but contrast with the younger upper limit age of ~15.5 Ma
suggested by Brueseke et al. (2007), which was obtained using samples outside the type
locality of the Steens Basalt (Barry et al., 2013). Furthermore, ages for the Imnaha Basalt
(16.6-16.8 Ma) overlap with Steens ages (Reidel et al., 2013b). Field observations have
confirmed that the Imnaha Basalt conformably overlies part of the Steens in the vicinity of
12

Malheur Gorge north of the study area, supporting the interpretation that near-continuous
CRBG activity seamlessly transitioned north from Steens to the Imnaha and beyond (Barry
et al., 2013; Camp et al., 2003; Hooper et al., 2002).
Placing the Steens Basalt in the context of the CRBG and other regional volcanic
centers (i.e., YSRP) depends on reliable and detailed age constraints. Radiometric ages
determined using 40Ar/39Ar help define the timing of a paleomagnetic reversal, called the
Steens Reversal that is found near the middle of the Steens Basalt sequence at Steens
Mountain and has been dated to 16.5 to 16.7 (Jarboe et al., 2010, 2008; Mahood and
Benson, 2016). The stratigraphic sequence of basalt flows at Steens Mountain provides a
detailed paleomagnetic record containing a complete magnetic reversal, which in
conjunction with detailed and accurate radiometric dating, can be used to correlate
otherwise disparate basalt formations (Reidel et al, 2013b). The Steens Reversal from
reverse to normal polarity has been found in basalt flows of Steens-like composition over
80 km from the Steens Mountain summit, demonstrating that eruptive activity was
widespread at ~16.7 Ma (Jarboe et al., 2010; Brueseke et al., 2007).
Evidence for Open-system Processes in the Steens Magma Storage System
The existence of a nearly complete stratigraphic record of Steens lavas, from
initiation of volcanism to the waning phases, allows detailed investigation of how the
composition of a magmatic system changes over time and interpretation of the processes
that likely resulted in the lavas observed at the surface. Whole- rock major element, trace
element, radiogenic isotope, and stable isotope data on Steens samples (described below),
in addition to major element compositions of olivine, clinopyroxene, oxides and some
plagioclase and phase equilibria modeling provide evidence that the Steens Basalt magma
13

Figure 5: Sample localities of the Steens Basalt, shown from an oblique aerial view looking from NE to SW (after Moore et al., in revision).
Yellow boxes mark the areas from where samples used in this study were collected. The box labeled “Lower” marks the Little Alvord Creek
and Pike Creek transect of Johnson et al. (1998) of the lower Steens section. The box labeled “Upper” marks the Steens Mountain Summit
and Wildhorse Canyon areas sampled by Johnson et al. (1998) and Moore et al. (in revision). Other samples of the upper Steens used in this
study came from Kiger Gorge, sampled by Bendaña (2016). Oregon-Nevada state border shown for reference. Note the direction of the North
arrow.

chamber was an open system (Bendaña, 2016; Graubard, 2016; Johnson et al., 1996, 1998;

Moore et al., in revision; M. Louis, 2018, pers. comm.).
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Stratigraphically controlled samples from several locations of Steens Basalt (Fig.
5) were collected and analyzed to document the time-transgressive evolution of the Steens
magma system. Johnson et al. (1996) collected samples on a transect of the ridge between
Pike Creek and Little Alvord Creek on the eastern scarp of Steens Mountain, with
additional samples collected by N. Moore on the same transect well as a deeper section
confined to a paleovalley exposed in Wildhorse Canyon (Moore et al., in revision).
Samples from a section of upper Steens exposed in Kiger Gorge were collected by S.
Bendaña (2015, pers. comm.). Details on sampling are described in the Methods section.
Whole-rock chemical analysis reveals systematic changes in the composition
between lower and upper Steens in major and trace elements, and Sr isotopes. Typically,
lower Steens lavas are more mafic than upper Steens lavas. Whole-rock MgO and Ni of
lower Steens lavas range from 4.4-12.0 wt. % and 60-345 ppm, respectively, whereas upper
Steens lavas range from 3.1-7.5 wt. % MgO and 6-152 ppm Ni (Fig. 6). Other trace element
compositions also vary between the lower and upper Steens. Both Ba and Rb behave
incompatibly in the typical crystallizing assemblage of olivine, clinopyroxene and
plagioclase, and thus, the concentrations of each of these elements is higher in the upper
Steens than the lower Steens. Additionally, whole-rock Sr isotopes in the lower Steens are
typically less radiogenic than those of the upper Steens.
These characteristics suggest that open-system processes such as magma
recharge/magma mixing and crustal assimilation, in addition to fractional crystallization,
influenced the Steens magma system (Ramos et al., 2005; Camp et al., 2003). Using the
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Figure 6 (previous page): Selected whole-rock geochemistry for Steens samples by stratigraphic height.
Data from Bendaña (2016) and N. Moore (2015, pers. comm.) Blue symbols = lower Steens samples;
red symbols = upper Steens samples. Filled circles, connected with lines, are from the main Steens
sampling transect by Johnson et al. (1998) (see methods). Blue open circles are re-sampled flows by N.
Moore from the Johnson transect. Red open circles are from the Kiger Gorge transect by Bendaña
(2016). Stratigraphic height for Kiger Gorge samples is approximately correlated with the main transect,
but samples from the same stratigraphic height do not necessarily come from the same lava flow.
Samples for which plagioclase major, minor, and trace element compositions were collected in this study
are circled in black; samples with in situ plagioclase isotopic analysis from this study are additionally
marked with a black X.

whole-rock major element, trace element, and isotopic data described above, in conjunction
with computational modeling, collaborators interpreted that the more mafic, lower Steens
lavas erupted from a magma storage system dominated by the input of mantle-sourced
magma recharge. By the time the upper Steens lavas were erupted, the magma chamber
had transitioned to producing more evolved lavas due to increased assimilation and
fractional crystallization (Moore et al., in revision; Graubard, 2016). Furthermore, higher
eruption rates due to higher recharge magma flux to the lower Steens magma chamber may
account for the lack of soil development that suggests more continuous eruption and
emplacement of lava flows. In contrast, upper Steens eruptions may have been more
punctuated, as evidenced by more soil development indicating longer periods of repose
between eruptions; lower mantle influx may have promoted higher degrees of magma-crust
interaction.
The degree to which open-system processes like magma recharge, magma mixing,
and crustal assimilation dictate the composition of the erupted lavas was constrained using
computational thermodynamic and phase equilibria modeling. To quantify how these
processes might have been responsible for the observed chemical variation, Bendaña
(2016) and Graubard (2016) utilized MELTS (Ghiorso and Sack, 1995; Gualda et al., 2012)
and the Magma Chamber Simulator (“MCS”, Bohrson et al., 2014). Models of equilibrium
or fractional crystallization alone (i.e., a closed system) were unable to reproduce the
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observed data, as expected from the variable isotope signatures among the lavas that
suggest an open magmatic system. However, MCS modeling, which incorporates the
addition of material from magma recharge and crustal assimilation with crystallization,
successfully reproduced the major element, trace element, and Sr isotope characteristics of
Steens Basalt samples.
According to this modeling, major element and Sr variations in the lower Steens
can be explained by periodic recharge coupled with fractional crystallization. The
composition of the recharge “parent” magma used in the model is based on one of the most
magnesian, aphyric lava flows sampled from Steens (sample NMSB 18, Graubard, 2016).
Sr isotope variations are explained by pulses of mafic recharge magma from a mildly
heterogenous mantle source mixing with the resident magma and fractionating, and thus
assimilation of crustal material is not required (Moore et al., in revision). In contrast, the
upper Steens data were successfully modeled by assimilating anatectic melt from the
surrounding wall rock in addition to recharge and fractional crystallization. Bendaña
(2016), Graubard (2016), and Moore et al. (in revision) interpreted that recharge of magma
earlier in the Steens eruptive period (i.e., lower Steens lavas) “thermally primed” the wall
rock by increasing its temperature to near its solidus. Wallrock partial melts were
assimilated, thereby explaining the more radiogenic Sr isotope characteristics and the
major and trace element characteristics of upper Steens.
In summary, computational modeling suggests that mafic recharge dominated over
fractional crystallization in the lower Steens, which is reflected chemically in the higher
Mg and Ni contents, lower concentrations of incompatible trace elements (e.g. Ba, Sr), and
less radiogenic Sr. The upper Steens, in turn, was dominated by assimilation and fractional
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crystallization, which is reflected by the less magnesian, more radiogenic Sr compositions
of these lavas. This interpretation is also supported by Os isotope data that show no crustal
input in the lower Steens and a clear crustal assimilation signature (more radiogenic Os) in
the upper Steens (Moore et al., 2017). Therefore, Steens lavas attained their compositions
from an open-system magma chamber, which is consistent with interpretations of other
formations within the Columbia River Basalt Group (e.g. Ramos et al., 2005).
Overview of Giant Plagioclase in Basaltic Environments
The history of a magma chamber is not only recorded by whole rock compositions
but also by the core to rim compositions of minerals like plagioclase, which is ubiquitous
in the Steens Basalt. This study complements and expands upon the existing interpretations
of the Steens Basalt magma system by examining the texture, morphology, and in situ
major and trace element and Sr isotopic compositions of Steens plagioclase. Such data can
yield valuable information about the origin of plagioclase and the history of their associated
magma bodies (Davidson et al., 2007a, b; Ginibre et al., 2007). Zoning in large plagioclase
crystals, like those in the Steens Basalt, records chemical variations in the magma over the
growth span of the crystal, thus potentially providing a detailed chronology of associated
magmatic processes responsible for volcanism. For example, zoning of Sr isotopes in
plagioclase, in conjunction with major and trace element data and textural observations,
has been used to evaluate the effects of open-system processes on the evolution of various
magmatic systems (e.g., Davidson and Tepley, 1997; Font et al., 2008; Ginibre and
Davidson, 2014; Ramos et al., 2005).
The Steens Basalt is unique among the CRBG formations in containing abundant
and large plagioclase crystals. Although virtually aphyric or sparsely-phyric lava flows
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typically dominate continental flood basalts, abundant (>10 modal %) and large (>10 cm)
plagioclase crystals are described from many large-volume basalts around the world. The
term “Giant Plagioclase Basalt” (GPB) is applied to such lavas in the Deccan Traps in India
(Karmarkar et al., 1971; Hooper et al., 1988). “Big Feldspar Lavas” are also present in the
Skye lavas of the Scottish Hebrides (Font et al., 2008). Plagioclase megacrysts were also
described in the Siberian Traps (Lightfoot et al., 1993; Sheth, 2016) and basaltic lavas of
the Emeishan Large Igneous Province in China (Cheng et al., 2014) Basaltic lavas
containing up to 40% plagioclase crystals have also been documented at mid-ocean ridges
and are known as Plagioclase-ultraphyric Basalts (PUBs) (Lange et al., 2013).
Studies of other GPBs propose various models for giant plagioclase formation
depending on the environment and composition of the associated magmas, but most invoke
the accumulation of plagioclase as a fundamental process. Plagioclase may accumulate as
it fractionates from a melt, as it crystallizes on the margin of the magma chamber (Higgins
and Chandrasekharam, 2007; Marsh, 1996), or by entrainment of antecrysts or xenocrysts
(Sheth, 2016, Lange et al., 2013). Sizes, morphologies, textures, and compositions of
plagioclase are controlled by the plagioclase accumulation process, the basic conditions of
the magma chamber such as pressure, temperature, phase equilibria, and open- and closedsystem processes (magma recharge, crustal assimilation ± fractional crystallization,
“RAFC”). Hypotheses for the formation of giant plagioclase in other large-volume basaltic
provinces are discussed in the following section.

20

Origin of Giant Plagioclase in Large-Volume Basalts
Giant Plagioclase Basalts (GPBs) in the Deccan Traps
The most-researched GPB lavas are those found in the Western Ghats area of the
Deccan Traps flood basalts near Mumbai, India (Higgins and Chandrasekharam, 2007).
Eruption of Deccan Trap lavas peaked around 65 Ma, ultimately generating at least 2 x 106
km3 of lava (Sen, 2001). Timing of Deccan eruption coincides with the dinosaur-killing
mass extinction at the end of the Cretaceous, and various studies have attempted to link gas
emissions from the Deccan Traps eruptions to global climate change that may have
contributed to this mass extinction. An important consideration for this hypothesis is the
eruption rate of Deccan lavas, and one approach to constrain the timescale over which the
Deccan magmatic system was active is to study the growth of giant plagioclase crystals by
constraining the residence times for such crystals from formation to eruption (Sen et al.,
2006; Borges et al., 2014).
Giant plagioclase in the Deccan Traps are found in lavas with <7 wt. % MgO and
account for 5-30% modal abundance in an individual flow. The average size of giant
plagioclase is 20-30 mm, although crystals larger than 50 mm have been documented
(Higgins and Chandrasekharam, 2007). These characteristics are very similar to the giant
plagioclase flows from the upper Steens Basalt. Deccan plagioclase megacrysts typically
have anorthite contents of 60-65 and are the most sodic plagioclase crystals in these lavas;
smaller plagioclase can be as calcic as An82. Furthermore, most giant plagioclase are
minimally zoned in major elements, with only narrow Ab-rich rims on dominantly
homogenous crystals (Sen, 2001). However, other giant plagioclase in Deccan flows
exhibit more complex zoning suggestive of magma mixing. Despite the homogeneity of
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many giant plagioclase in major element composition, Sr isotope disequilibria in some also
suggest magma mixing. The various hypotheses and the predicted characteristics of
plagioclase formed by the proposed processes are summarized in the following sections.
Plagioclase flotation and coarsening. One model for giant plagioclase formation
in the Deccan Traps suggests that plagioclase buoyantly rise in a shallow magma chamber,
accumulate at the top, where they coarsen in response to temperature cycling and are
subsequently erupted at the beginning or end of an eruptive cycle (Sen, 2001; Higgins and
Chandrasekharam, 2007; Borges, 2007; Mills and Glazner, 2013). Giant Plagioclase Basalt
lava flows in the Deccan Traps are usually the most fractionated, with high whole-rock Fe
and Ti but low Mg concentrations. The liquid component of such a magma was calculated
to be denser than the fractionating plagioclase. As a result, when plagioclase fractionated
from this melt, it buoyantly rose, accumulated at the top of the magma chamber, and
texturally coarsened (Fig. 7).

Figure 7: Schematic diagram of a Deccan Traps magma chamber forming giant plagioclase (Higgins
and Chandrasekharam, 2007).

Giant Plagioclase Basalts often were erupted onto oxidized, clay-rich horizons
called “red boles”, which have been interpreted as either paleosols or pyroclastic deposits.
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In either case, the high degree of weathering of the red boles is interpreted as marking
periods of eruptive hiatus. Sen (2001) proposed that accumulated plagioclase coarsened
during a period of magmatic repose as chemical nutrients continued to be supplied to the
cumulate by convection of magma, keeping the plagioclase near the liquidus temperature
and thus coarsening the crystals as temperature oscillated. Therefore, the lavas between
each red bole pertain to one eruptive cycle, and each eruptive cycle is separated in time by
a period of quiescence. Based on the size of plagioclase and an estimated crystal growth
rate of 9.9 x 10-11 cm/sec, Sen (2001) calculated an average time span for each eruptive
cycle (and therefore the average residence time of giant plagioclase) of ~3200 years.
Higgins and Chandrasekharam (2007) expanded this approach with crystal size distribution
data and calculations that yielded an estimated plagioclase growth rate of 1 x 10-11 cm/sec;
this analysis yields plagioclase residence times of 500-1500 years for various plagioclase
in the Western Ghats of the Deccan Traps.
Chemical analysis of Western Ghats plagioclase reveals that these giant crystals are
minimally to normally zoned, often with only narrow albite-rich growth rims. Higgins and
Chandrasekharam (2007) interpreted the chemical homogeneity as reflecting a continuous
supply of hot magma that kept plagioclase near its liquidus temperature, allowing
plagioclase to coarsen with small temperature variations. The narrow rims would therefore
likely represent crystallization during ascent and eruption.
Another important piece of evidence that plagioclase grew to large sizes due to
thermal oscillation (textural coarsening) is the lack of small crystals (microcryst-sized) in
flows containing giant plagioclase. Small temperature fluctuations may cause minor
resorption of the rims of plagioclase that is followed by recrystallization. Crystallization
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during these cycles would preferentially occur on the existing crystals, and smaller crystals
would resorb into the melt, thus minimizing the surface energy of the system (Higgins,
1998; Higgins and Chandrasekharam, 2007; Simakin and Bindeman, 2008; Mills and
Glazner, 2013). This explanation is supported by quantitative textural analysis (crystal size
distributions, CSDs) that suggests that tabular plagioclase form in response to a high
chemical potential gradient surrounding the crystals (Higgins and Chandrasekharam, 2007;
Higgins, 2006), and to lower cooling rates (i.e., lower degrees of undercooling; Mills and
Glazner, 2013). Crystals exhibiting this shape are observed in giant plagioclase of the
Western Ghats and Steens Basalt.
Unzoned plagioclase studied by Sen et al. (2006) do not have resorbed cores,
leading these authors to interpret giant plagioclase as having grown continuously in one of
two environments. The first is a crystallization front, as described by Marsh (1996). In this
general model of a magma chamber, crystallization begins at the outer margins of the
magma chamber as it cools from the outside in, forming a migrating “front” of
crystallization, with higher crystal proportions near the margin of the magma body and
wallrock, and progressively becoming more melt-rich towards the center (Fig. 8). The
trailing zone of the crystallization front behaves similarly to the wallrock due to the high
degree of crystallization, whereas the “capture front” and “suspension zones” near the
leading edge of the crystallization front contain crystals and melt that can mix with liquiddominated interior of the magma body. It is here that Sen et al. (2006) suggested thermal
convection from magma recharge and mixing facilitates continuous growth of plagioclase.
Plagioclase formation in magma conduit. Alternatively, Sen et al. (2006)
suggested that continuous crystallization may also occur in the magma conduit, where
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Figure 8: Schematic diagram of a magma chamber with a solidification front, modified from Marsh
(1996). In this model, crystallization of the magma body occurs from the margins inwards, with the layer
in this diagram representing increasingly higher crystallinities from the inside out. The outermost layer
roughly corresponds to critical crystallinity region of Marsh (1996) describes as behaving like wallrock
(>~50% crystals). The dotted zone represents a mushy zone with ~25-50% crystals. The innermost zones
(cross-hatched and crosses) approximates the capture front and suspension zone in which crystals can
move freely (0 to ~25% crystallinity).

plagioclase crystals are hypothesized to collect and reside. These authors suggested that
plagioclase may form a “chicken wire mesh” network of crystals; magma ascends through
the interstitial space of this network whilst feeding crystal growth. Any zoning that is
observed in these crystals would therefore reflect changes in the composition of the
interstitial magma passing though the “mesh”. Using a plagioclase crystal growth rate of
10-10 cm/s (Marsh, 1996), Sen et al. (2006) estimated a maximum residence time of about
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1500 years for plagioclase that is 5 cm long. Cheng et al. (2014) suggested that radial
crystal clusters found in the Emeishan flood basalts may also have grown in the conduit as
magma advected around crystals. However, Higgins and Chandrasekharam (2007)
concluded that it would be unlikely for crystals to remain suspended in a conduit for a
period of time sufficient to grow so large without being erupted. Isotopic zoning in some
Deccan giant plagioclase was also attributed to growth in a conduit by Borges (2007), who
expanded on the hypotheses proposed by Sen (2001) and Higgins and Chandrasekharam
(2007) and proposed models that can account for plagioclase isotopic and trace element
variation found in some giant plagioclase from the Western Ghats area, as described in the
next section.
Models for mixed plagioclase populations. Though most giant plagioclase are
relatively unzoned in major elements (e.g. anorthite content) compared to other plagioclase
in basaltic systems, chemical variation within crystals is more apparent in Sr isotope
compositions. The Thalghat and Keshele flows in the Western Ghats contain both
isotopically unzoned and zoned giant plagioclase (Borges, 2007). The giant plagioclase
analyzed are between An60-61, which is consistent with other studies of Deccan giant
plagioclase (Table 1). In situ Sr isotope analysis of giant plagioclase using LA-ICPMS
revealed that Thalghat plagioclase have narrow rims with

87

Sr/86Sr = 0.7106. Most

plagioclase cores are within equilibrium with this value, but others have cores with
87

Sr/86Sr = 0.7096-0.7098. Analytical uncertainty for these analyses was reported as

~±0.00008. Borges (2007) interpreted this mixed population of plagioclase megacrysts to
be the result of the injection and mixing of a crystal-laden magma into a crystal poor
magma chamber. The zoned crystals reflect the crystal cargo of the injected magma,
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whereas the unzoned crystals grew steadily from the mixed magma. Albite-rich rims
similar to those descried by Higgins and Chandrasekharam (2007) were also observed and
interpreted to reflect continued plagioclase growth during final transport and eruption.
While the relatively small amount of recharge magma did not produce significant zonation
in major and trace element characteristics of the plagioclase, variations in Sr isotopes
between the host and intruding magmas produced the Sr isotopic disequilibrium in some
crystals. This model is a variant on the Higgins and Chandrasekharam (2007) model of
plagioclase coarsening in a shallow magma chamber, with the Borges (2007) model adding
the antecrystic population from the recharge magma.
Unlike the Thalghat lava, the Keshele GPB, also studied by Borges (2007), contains
only plagioclase crystals that are zoned in 87Sr/86Sr. Some of these crystals have resorbed
cores, which Borges interprets as reflecting periodic resorption followed by continued
growth, versus the steady growth suggested for the Thalghat plagioclase. He therefore
interpreted these zoned Keshele plagioclase to have formed in a magma conduit, in a
manner similar to that described by Sen (2006), in which the compositional variation is a
result of changes in the magma composition flowing around plagioclase in the conduit.
Giant Plagioclase in the Emeishan Large Igneous Province
The Emeishan Large Igneous Province is located in southwestern China and has an
eruptive volume of at least 3 x105 km3 that covers >2.5x105 km2. Flood basalt volcanism
occurred around 250 Ma and, like the Deccan Traps, coincides with a mass extinction event
(the end-Guadalupian extinction in the Permian) (Cheng et al., 2014). Large and abundant
plagioclase are also observed in Emeishan lavas and were the focus of research by Cheng
et al. (2014). Anorthite contents of plagioclase range from An52-59, and plagioclase accounts
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for up to 25 volume % of the lava flow. As in the Deccan Traps, Emeishan lavas containing
giant plagioclase are among the most evolved, with MgO contents of 3.9 to 5.8 wt. %,
whereas lavas without giant plagioclase range in MgO from 2.3 to 14.2 wt. %; Emeishan
GPBs are also high-Ti basalts, with 3.0 to 4.6 wt. % TiO2 (Cheng et al., 2014). Giant
plagioclase analyzed by Cheng et al. (2014) were grouped into two morphological
categories: clustered touching (CT) and single isolated (SI) (Fig. 9).

Figure 9: Images showing the clustered touching (CT) and single isolated (SI) morphologies of giant
plagioclase in the Emeishan flood basalts (Cheng et al., 2014). Simplified images showing the outlines
of crystals are shown to the right. (a) and (c) are CT-type samples, and (b) is a SI-type sample.
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Both types are unzoned to weakly zoned and exhibit minimal resorption textures.
Individual plagioclase range in size from 2-50 mm. Residence times for plagioclase based
on CSDs are estimated to be ~500-6000 years for CT-type samples and ~1000-10,000 years
for SI-type samples, which encompasses the range of residence times suggested for Deccan
plagioclase by Higgins and Chandrasekharam (2007). Estimated magma chamber
pressures (≤7 kbar) using MELTS are also compatible with the depths proposed by Higgins
and Chandrasekharam (2007).
The model of giant plagioclase proposed by Cheng et al. (2014) is based on that of
Higgins and Chandrasekharam (2007), given the similarities of plagioclase in both systems.
Cheng and coauthors (2014) concluded that textural coarsening is the primary driver of
giant plagioclase growth, as temperature cycling caused by continuous magma recharge
forces plagioclase to repeatedly re-equilibrate and crystallize on energetically-favorable
crystal surfaces (Higgins, 1998; Simakin and Bindeman, 2008; Mills and Glazner, 2013).
An important distinction between the plagioclase described in the Deccan lavas and those
described in the Emeishan is the existence of the CT-type plagioclase.
Cheng et al. (2014) interpreted the formation of both SI- and CT-type plagioclase
to be the result of different rates of undercooling, which are dictated by the locus of
crystallization in the magma chamber (Fig. 10) following the solidification front model of
Marsh (1996). Clustered touching crystals formed closer to the edges of the magma
chamber where there is a higher degree of undercooling due to the proximity to the cooler
wallrock. A higher degree of undercooling favors nucleation of new crystals over growth
of existing crystals. Cheng et al. (2014) concluded that the radial plagioclase in the
Emeishan basalts reflect this higher degree of undercooling, possibly as a primary feature
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Figure 10: Schematic diagram of a proposed Emeishan basalt magma chamber (Cheng et al., 2014).
Percentages are plagioclase crystallinities in the magma chamber. Stars correspond to the interpreted
location of clustered-touching crystal formation (higher degrees of undercooling), and circles correspond
to the interpreted location of single-isolated crystals (lower degrees of undercooling).

reflecting nucleation of plagioclase on a central seed crystal. Single isolated plagioclase,
on the other hand, grew in a melt-dominated environment closer to the center of the magma
chamber. This part of the magma chamber would have a lower degree of undercooling for
plagioclase, allowing for coarsening in a manner more similar to that described by Higgins
and Chandrasekharam (2007). This idea is supported by the fact that lavas containing SItype plagioclase are enriched in incompatible trace elements compared to those that contain
CT-type plagioclase, which Cheng et al. (2014) attributed to greater interaction with melts
containing higher concentrations of trace element in the melt-dominated, more evolved
inner part of the magma chamber. Crystallization experiments on alkali basalts also
demonstrate that the rate of cooling correlates with morphology of plagioclase, with
acicular crystal growth favored at higher rates of cooling (greater degree of undercooling)
and lower rates of cooling (lower degree of undercooling) favoring tabular crystal growth
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(Mills and Glazner, 2013). Additionally, subparallel clusters are interpreted as resulting
from synneusis, a process by which crystals whose long axes touch coarsen due to the
minimization of surface energy that favors crystallization on existing crystal edges versus
nucleation (Vance and Gilreath, 1967; Higgins and Chandrasekharam, 2007).
Xenocrystic Entrainment
Although most giant plagioclase observed are fairly homogenous in major and trace
element characteristics, the possibility of entraining plagioclase from a xenocrystic source
remains. Sheth (2016) proposes a model that giant plagioclase in continental flood basalts
were “premanufactured” in a sill complex deep in the crust, near the Moho. Crystals may
have resided at depth for tens of thousands of years, where they attained their large size.
Crystallization of plagioclase with An contents of ~60-75 is possible at such depths in dry
magma. Sheth proposed that these xenocrysts were carried by rising recharge magma to
the shallow crust where they grew a narrow, more sodic rim just prior to eruption.
Furthermore, Sheth’s model attributes the homogeneity and lack of resorption textures
documented for many Deccan GPB plagioclase to sustained growth at depth over tens of
thousands of years.
A similar model is proposed for Plagioclase Ultraphyric Basalts (PUBs) that erupt
from mid-ocean ridges (Lange et al., 2013), in that giant plagioclase formed in a deepcrustal environment and were entrained. These PUBs may contain plagioclase crystals up
to 20 mm in length, and the plagioclase composes between 10 and 40% of the rock. Lange
et al. (2013) interpreted that large plagioclase, which have An contents ≥85, formed near
the Moho and were subsequently carried to the surface by rising magma. Because of their
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xenocrystic origin, the mixed populations of plagioclase found in these mid-ocean ridge
basalts are typically not in isotopic equilibrium with their host glass/groundmass.
Summary of Models for the Origin of Giant Plagioclase
Published evidence for open-system processes affecting the evolution of a largevolume basaltic systems has been described in the various studies cited in this section, and
ongoing collaborative work on Steens supports these published findings. While individual
models of giant plagioclase formation vary in the details, most call upon open-system
activity, such as entrainment of solid material and magma mixing. Virtually all studies of
giant plagioclase in large volume basaltic systems concluded that accumulation of
plagioclase is necessary to attain the size and abundance of plagioclase observed in the
rocks, and this crystalline material derives from three possible processes: new crystal
growth in response to RAFC, entrainment and coarsening of antecrystic material, or
entrainment of xenocrysts. Furthermore, dynamics in the magma chamber, such as
recharge-induced resorption of crystals, may affect the composition, morphology, and
texture of the plagioclase.
To elucidate whether plagioclase crystals in the Steens Basalt were formed as new
crystals in a mid- to shallow-crustal magma chamber, or are antecrystic or xenocrystic in
nature, I conducted detailed petrographic and in situ plagioclase compositional and isotopic
analysis according to the methods described in the following section. These new data
inform the existing research on the Steens Basalt and shed light on the magma chamber
processes active during the onset of flood basalt volcanism in the CRBG region.
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CHAPTER III: METHODS
To investigate the origin of giant plagioclase in the Steens Basalt, the textural
characteristics, whole-rock major and trace element, and isotopic compositions, and
plagioclase major element compositions of a subset of the 160+ lava samples collected
from the Steens Mountain region were evaluated as candidates for further analysis in this
study. This evaluation identified 18 representative samples for in-situ analysis of
plagioclase for major and minor element concentrations using an electron microprobe,
trace element concentrations using laser ablation-inductively coupled plasma mass
spectrometry (LA-ICPMS), and Sr isotopic composition using micro-drill sampling and
thermal ionization mass spectrometry (TIMS). Textural relationships were also
documented in detail using a scanning electron microscope (SEM). The following sections
describe these methods in detail.
Previous Work
Samples of the lava flows comprising the Steens Basalt were collected from
stratigraphic transects in the immediate vicinity of Steens Mountain (see Fig. 5): between
Little Alvord Creek and Pike Creek (Johnson et al., 1998; Moore et al., in revision), in the
lower Wildhorse Canyon (Johnson et al., 1998), near Wildhorse lake (Moore et al., in
revision), near the Steens Mountain Summit (Johnson et al., 1998; Bendaña, 2016), and in
Kiger Gorge (Bendaña, 2016). Collectively, these stratigraphic sections encompass the
basal Steens Basalt, where the section overlies Steens-like basalt lava flows to the
uppermost Steens Basalt lavas exposed at the Steens Mountain summit (Johnson et al.,
1998; Bendaña, 2016). Over 60% of all individual flows were sampled, except where
sampling was impossible due to talus cover or steep cliffs (Johnson et al., 1998). This area
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inaccessible coincidentally encompasses the transition between lower and upper Steens
sections, hence the gap in samples seen in Fig. 6. Across all the sections, 168 individual
flows or lobes of compound flows were sampled, and as reported in previous studies, 150
were analyzed for whole-rock major and trace element compositions using X-Ray
Fluorescence (XRF) and Inductively-Coupled Plasma Mass Spectrometry (ICPMS)
(Johnson et al., 1998; Bendaña, 2016; Wolff et al., 2008). Standard petrographic thin
sections were prepared for 131 samples to document mineral abundances and textures. A
subset of 45 of these samples were also analyzed for whole-rock isotopic compositions
including 87Sr/86Sr using TIMS (Bendaña, 2016). In situ major and minor element analysis
of plagioclase from 16 lower Steens (Moore et al., 2017) and 8 upper Steens (Graubard,
2016) samples was carried out on polished thin sections using electron microprobe.
Detailed methods for these analyses are reported in Bendaña (2016), Graubard (2016), and
references therein. A summary of these data is found in Appendix 1.
Sample Selection for This Study
The previously collected data described above were used as the basis for identifying
a subset of samples to be analyzed in this study. Through assessment of these whole-rock
and mineral data, 18 lava samples from the upper and lower Steens were selected that
represent the range of plagioclase sizes, morphologies, textures, major element
compositions, whole-rock compositions and stratigraphic height (Appendix 1). The six
lower Steens and twelve upper Steens samples contained various sizes, morphologies, and
abundances of plagioclase, which are described in more detail in the Results section.
Whole-rock MgO contents of the selected samples ranges from 9.47 wt.% to 3.49 wt.%
and
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Sr/86Sr range from 0.70333 to 0.70415. Each of these 18 samples was previously
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crushed using a tungsten carbide swing mill at Washington State University (Bendaña,
2016; Graubard, 2016) and analyzed for whole-rock major and trace elements, and all but
three were previously analyzed for whole-rock 87Sr/86Sr (Johnson et al., 1998; Wolff et al.,
2008; Bendaña, 2016; Graubard, 2016).
Petrographic Analysis
Existing billets for these 18 samples were sent to Precimat, Inc. for manufacture of
new, 100 µm-thick petrographic sections, polished on both sides to a 0.05 µm finish. Each
section was analyzed in both reflected and transmitted light using a Nikon Eclipse E600
POL petrographic microscope to document mineral textures and identify locations of
interest for in situ plagioclase textural and compositional analysis.
Plagioclase with discernible zoning patterns in polarized light, evidence of
resorption (sieve texture or rounded interfaces), minimal alteration, and sufficient large
areas free of inclusions or fractures were identified. Based on this petrographic analysis,
crystals were chosen for in situ analysis that span the range of crystal textures,
morphologies (e.g. glomerocrysts and isolated laths), and sizes (groundmass plagioclase to
giant plagioclase). Furthermore, distinct zones within each plagioclase were targeted for
analysis whenever possible, including core (innermost), intermediate, and rim (outermost)
parts of the crystals.
Modal abundances of minerals in the 76 existing thin sections was estimated by
visual approximation. For the 18 thick sections made for this study, the modal abundance
of plagioclase was determined using the free, open-source GNU Image Manipulation
Program (GIMP, www.gimp.org). Scans of each section were made using a typical
document scanner, and the images were imported into GIMP, where they were converted
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to purely black and white images by reducing the color threshold. Groundmass thus became
black, and crystals and void spaces became white. White areas identified as plagioclase
crystals ≥100 µm (by comparing the scan to the thin section under microscope) were
colored red; areas identified as olivine were colored green, and void spaces were colored
blue. The remaining black areas plus any small areas of white not identified as phenocrystsized minerals or voids were considered groundmass. The resulting image contained five
colors that correspond to plagioclase (red), olivine (green), void space (blue), and
groundmass (black and white). Fig. 11 is an example of the image for lower Steens sample
JS 26.
Figure 11: Example of an image used to
quantify modes using GIMP (sample JS 26,
lower Steens). See text for details. Red =
plagioclase (pl), green = olivine (ol), blue =
void space/vesicles, black and white =
groundmass (gm).
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The number of pixels of each color was counted by the program using the “select by color”
tool. These pixel counts were then converted to percentages, with mineral percentages
reported as vesicle-free modes by subtracting the areas identified as void space. By
determining modes in this way, a more precise modal percentage was achieved for each
specific sample. It is important to note that modes calculated graphically were within <5%
of the visually estimated modes, which confirms the accuracy of visually-estimated modes
of other samples.
Electron Microprobe Analysis
Analysis of the following major and minor element compositions of plagioclase
was carried out using a Cameca SX-100 Electron Microprobe at the Oregon State
University (OSU) College of Earth, Ocean, and Atmospheric Sciences (CEOAS) Electron
Microprobe Laboratory: MgO, SiO2, Al2O3, FeO, Na2O, CaO, K2O, and TiO2. Anorthite
content (Ca/[Ca + Na + K]*100) for each analysis was calculated from the atomic
percentages reported by the instrument using the correct stoichiometric constraints. For
microprobe analysis, polished thin sections were carbon coated, then analyzed using the
microprobe’s 5 wavelength dispersive spectrometers (WDS), operating at an accelerating
voltage of 15 keV, a 30 nA sample current, and a 5 µm spot size. Analytical error was
determined to be less than 1 wt. % for each element through analysis of the NMNH 115900
Labradorite standard from Lake County, OR, reported in (Appendix 2).
Exact microprobe analysis locations were documented on printouts of backscatter
electron (BSE) images collected using the microprobe’s Cameca Peak Site analysis and
imaging software. Data collection and reduction followed the methods of Tepley et al.
(2013). In total, 519 spots were analyzed, although 29 analyses for which the sum of major
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and minor element oxides did not equal between 98 and 102 were discarded. Microprobe
data then were compared to any existing plagioclase data and used to help select the next
subset of plagioclase for further analysis.
Inductively-Coupled Plasma Mass Spectrometry
Of the 490 reliable microprobe analyses, 317 spots on 16 samples were selected for
in situ trace element analysis using laser ablation inductively-coupled plasma mass
spectrometry (LA-ICPMS). Sites for trace element analysis were chosen based on the
major/minor element data and their suitability for microdrilling (described in following
section). Crystals exhibiting varying degrees of zoning were included (e.g. normally zoned
and unzoned), as were crystals of various morphologies (e.g. giant single crystals and
glomerocrysts) and sizes (100 µm to 2 cm). Two of the 18 samples (JS 46 and STM 33,
both aphyric) were excluded from LA-ICPMS analysis due to lack of plagioclase of
suitable size for trace element and isotopic analysis (crystals >100 microns). Trace element
analyses were taken from the same spots as the microprobe analyses.
In situ trace element analysis was conducted at the W.M. Keck Collaboratory for
Plasma Spectrometry at Oregon State University (CEOAS). Before LA-ICPMS analysis,
the carbon coat from microprobe analysis was removed from the 100 µm petrographic
sections by manually polishing with an alumina polishing compound, and samples were
cleaned with alcohol. Samples were then loaded into a Photon Machines ArF Excimer laser
ablation instrument coupled to a Thermo-Fischer X2 quadrupole ICPMS. Plagioclase were
analyzed for a range of trace elements (Li, Si, Ca, Sc, Ti, Zn, Rb, Sr, Y, Zr, Nb, Ba, La,
Ce, Pr, Nd, Sm, Eu, Gd, Dy, Er, Yb, Hf, Pb), although many of these elements were below
detection limits. Analysis spot size was 50 µm, and plagioclase were ablated with 225
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pulses of the laser at a frequency of 5 Hz. Analyses were calibrated to the BCR-2G glass
standard using Ca concentrations from the microprobe analysis as the internal standards.
GSE-1G and BHVO-2G were also analyzed as secondary standards.
Data were reduced using LaserTram and LaserCalc spreadsheets provided by the
OSU laboratory. Intervals of no less than eight seconds were chosen to integrate the raw
data, and analyses with anomalous peak signatures (e.g., Ti spikes indicating groundmass)
were excluded. Calculations for the standard errors propagate the uncertainty of the
calibration standard (BCR-2G) across repeated analyses and account for the uncertainty of
Ca concentrations (internal standard) and the standard error of the normalized counts over
the selected time interval (Pitcher, 2017). Concentrations and calculated uncertainties in
the BHVO-2G secondary standard are reported in Appendix 3.
Scanning Electron Microscopy
To enhance Sr isotope microdrilling site selection, samples were imaged with the
field emission gun scanning electron microscope (FEGSEM) at CWU to document
plagioclase textures, zoning patterns, and textural relationship to other phases (e.g.,
presence of olivine in a glomerocryst). These images also provided a record of these
characteristics, as the drilling process results in the destruction of that area of the sample.
Backscatter electron (BSE) images were collected using an FEI Quanta 250 FEGSEM
operating at an accelerating voltage of 20 kV and a working distance of 10 mm; the
instrument is equipped with a concentric backscatter detector. Energy Dispersive
Spectroscopy (EDS) was also employed using the FEGSEM’s Oxford Instruments X-MaxN
detector, which semi-quantitatively identifies elemental compositions, to highlight internal
zoning patterns and distribution of phases within a sample. Images were taken at between
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80x and 200x magnification, depending on the sample. High quality images were acquired
with a 25 µs BSE dwell time and a 150-300 µs EDS dwell time at up to 2048x1320
resolution. Brightness and contrast settings were adjusted to highlight internal plagioclase
textures and zoning. Both BSE and EDS images were acquired using Oxford Instruments’
AZtec software. Due to the large size of many of the plagioclase, multiple images were
taken in an overlapping grid pattern and stitched together to create a single high-resolution
image of the entire plagioclase crystal.
Microsampling and Thermal Ionization Mass Spectrometry
Microsampling
To obtain in situ
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Sr/86Sr compositions from plagioclase, areas of plagioclase

crystals and groundmass were microdrilled, and material removed by drilling was analyzed
by TIMS (Davidson et al., 2007; Charlier et al., 2006). From the 16 samples analyzed for
major, minor, and trace element compositions of plagioclase, ten samples were selected for
in-situ 87Sr/86Sr analysis. These samples represent the range of whole-rock major and trace
element, and 87Sr/86Sr compositions and contain plagioclase of various sizes, textures, and
compositions. Plagioclase chosen for microdrilling met the following criteria: sufficient
size to ensure that the drilled material would yield at least 20 ng of Sr, mostly free of any
kind of inclusions, and documented core to rim concentrations in major and trace elements.
In total, 17 individual crystals in ten samples were drilled, from core to rim where possible,
for a total of 34 plagioclase 87Sr/86Sr analyses. An area of the groundmass of each sample
was also microdrilled and analyzed for 87Sr/86Sr. The groundmass of one sample (JS 54)
was drilled in two distinct areas to assess groundmass heterogeneity.
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Plagioclase and groundmass of the selected samples were drilled using the ESI New
Wave Research MicroMill Sampling system, which consists of a 6-40x binocular
microscope, a sub-micron step resolution electrically-actuated stage, a drill with a tungsten
carbide bit, and the MicroMill software to operate the equipment from a PC. Drill areas
(“tracks”) were defined in the MicroMill software as either long narrow lines parallel to
compositional zones (typically for crystal rims) or polygonal areas drilled in a raster pattern
(typically for crystal cores). Due to the size and conical shape of the drill bit, the narrowest
possible drill track width was 100-150 µm depending on depth (Fig. 12). The drill made
four passes over each area, grinding a 20 µm-thick layer with each pass. Drilled material
was collected from the surface of the polished section using a pipette and Milli-Q water
and transferred to a Teflon beaker. Methods for microsampling are similar to those
described Charlier et al. (2006) and are described in more detail in Appendix 4.

Figure 12: Example photograph of microdrill sample locations (“drill tracks”) of plagioclase and
groundmass. light-colored areas on dark crystal are plagioclase core and rim samples (indicated with arrows),
and the light-colored square (labeld “gm”) is the groundmass sample area (sample JS 19, lower Steens).
Annotated BSE images detailing the microdrill locations and data for all samples are found in Appendix 6.
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Sr/86Sr Analysis by Thermal Ionization Mass Spectrometry
Drilled plagioclase and groundmass material was prepared for TIMS analysis at

New Mexico State University (NMSU) under the direction of Dr. Frank Ramos, following
procedures outlined in Wolff et al. (1999). Samples were dissolved in acid, then processed
using column chromatography to separate Rb and Sr. They were then spiked with a Sr
isotope solution. Multiple blanks were also processed. These included a processing blank
that underwent the same microsampling procedures as the unknowns but without drilling
any material, a blank containing only the Milli-Q water from CWU, and five laboratory
blanks prepared at NMSU. All blanks were processed and analyzed exactly like the
unknowns, including acid dissolution and column chromatography. Concentrations of Sr
in the blanks were less than 1 part per billion Sr. Aliquots containing Rb and Sr were
analyzed using a VG Sector 54-30 thermal ionization mass spectrometer at the NMSU
Analytical Geochemistry Research Laboratory. Isotopic ratios were received from the lab
corrected for blank and resolved for spike concentrations. It was not necessary to agecorrect these data due to the relatively low Rb/Sr and young age of the samples. To
demonstrate this, one sample was age-corrected for the average age of the Steens Basalt of
1.67x107 yr. The difference between the age-corrected and uncorrected ratio was
<0.000002, which is significantly less than the reproducibility of the analysis. For a
detailed description of the microdrilling and chemical dissolution processes, refer to
Appendix 4.
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CHAPTER IV: RESULTS
Petrography
Petrographic descriptions are based on analysis of 76 thin sections of sampled lava
flows collected from transects of the Steens Basalt near Little Alvord Creek, near
Wildhorse Lake, the Steens Mountain summit, and Kiger Gorge. Below, I present a brief
overview of the petrography of these samples, followed by detailed petrography of
plagioclase. Full petrographic descriptions of all Steens thin sections are found in Bendaña
(2016) and Graubard (2016).
Minerals present in Steens Basalt samples are typical for tholeiitic to mildly
alkaline basalts. Plagioclase, olivine, and clinopyroxene (cpx) are present as phenocrysts
and in groundmass. Iron-titanium oxides are found only in groundmass. In the context of
this study, the term “phenocryst” is used to describe the size relationships amongst crystals
and groundmass—no interpretation of crystal genesis is implied unless otherwise noted.
Groundmass consists of the smallest crystals (microlites) and glass/devitrified
glass. Plagioclase and clinopyroxene are the dominant phases in the groundmass, each
making up 20-40% of groundmass volume (Fig. 13). Plagioclase crystals in the
groundmass are lath-like or radial microlites (<100 µm), though coarser plagioclase up to
1000 µm constitute the groundmass of about 15% of samples. Clinopyroxene in the
groundmass is usually anhedral and appears to fill interstices between plagioclase and other
minerals. Euhedral olivine and Fe-Ti oxides are also common in the groundmass, though
they each typically account for ≤10% of groundmass volume.
Olivine phenocrysts range in size from <100 µm to 2 mm, are typically subhedral
to euhedral, and frequently are altered to iddingsite. Clinopyroxene phenocrysts are <1 to
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Figure 13: Energy dispersive x-ray spectrometry (EDS) element map from SEM showing typical Steens
groundmass. Blue = plagioclase; green = olivine; teal = cpx; orange = Fe-Ti oxides; purple = K-rich
interstitial material; black = void space. Part of a plagioclase megaphenocryst with olivine inclusions is
shown in lower right. Plagioclase microlites in groundmass are commonly enclosed in anhedral cpx (subophitic texture). Groundmass olivine and Fe-Ti oxides range from euhedral to subhedral.

~2 mm in size and almost always exhibit anhedral, sub-ophitic texture, enclosing small
plagioclase. The abundance of these minerals differs between lower and upper Steens lava
flows. Olivine phyric samples are more common in the lower Steens, whereas
clinopyroxene-phyric samples and higher proportions of groundmass Fe-Ti oxides are
more common in upper Steens samples (Moore and Grunder, 2014). Vesicularity ranges
from 0 to about 14% by volume, based on visual assessment. This study focuses on
plagioclase, which is described in detail below.
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Size and Abundance of Plagioclase
In this work, crystals are classified by their size (length of long axis) as follows:
microlites (<100 µm), microcrysts (100-1000 µm), phenocrysts (1-10 mm), and
megacrysts (>10 mm). Many megacrystic plagioclase are longer than the thin section, and
field observations indicate that plagioclase crystals of 30-50 mm in length are not
uncommon. Size categorizations are applied to individual crystals and to the overall size
of crystal clusters (glomerocrysts); therefore, some “megacrysts” may consist of many
smaller crystals that have grown together, but can be differentiated by their morphology,
which is discussed in the next section. Lavas containing megacrystic plagioclase are also
known as Giant Plagioclase Basalts, or GPBs (Karmarkar et al., 1971; Hooper et al., 1988;
see Background).
Modal abundances of plagioclase were estimated for each of the 76 samples for
which petrographic thin sections are available. The modal abundances of plagioclase
reported in this study (Table 2) include microcrysts, phenocrysts, and megacrysts, but
exclude microlites and void space (i.e. vesicles). The modal abundance of plagioclase in a
sample is described by one of five categories: aphyric (<1% modal plagioclase), sparsely
plagioclase phyric (1-5%), plagioclase phyric (6-20%), plagioclase-rich (21-30%), and
extremely plagioclase-rich (>30%). Representative thin section images showing the range
of plagioclase sizes and abundances are shown in Figure 14. Sparsely plagioclase phyric
samples contain rare plagioclase microcrysts and phenocrysts, but like aphyric samples,
are dominated by groundmass. Although the groundmass in most samples is defined by
microlites, the groundmass crystals in some samples are microcrystic (100-1000 µm) in
size. Since these are the smallest crystals in the sample, the term “coarse groundmass” is
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Figure 14: Examples of plagioclase abundance and size categories. These selected thin section scans (nonpolarized light) are representative of the various plagioclase modal abundances, and plagioclase in these
samples also represent 5 categories describing the size of individual crystals. See text for size definitions.
A: Aphyric (<1% modal plagioclase), plagioclase present as microlites. (Sample JS 44, upper Steens)
B: Aphyric, but groundmass plagioclase is coarse-grained (i.e., larger than microlites)—see text for details.
(Sample STM 21B, upper Steens)
C: Sparsely plagioclase phyric (1-5% modal plagioclase), most plagioclase crystals (besides groundmass
microlites) are microcrysts, but the 4 largest crystals seen in this sample are phenocryst-sized. (Sample MF
9466, lower Steens)
D: Plagioclase phyric (6-20% modal plagioclase), most plagioclase crystals in this sample are phenocrystsized, but some microcrysts are visible, as are groundmass microlites. (Sample JS 19, lower Steens)
E: Plagioclase-rich (21-30% modal plagioclase), plagioclase crystals are phenocrysts and microcrysts. The
two largest crystals are just under 1 cm in length. (Sample JS 27, lower Steens)
F: Extremely plagioclase-rich (>30% modal plagioclase), plagioclase are dominantly megacrysts; a few
microcrysts are easily seen against the very fine-grained groundmass. This sample is an example of a typical
Giant Plagioclase Basalt. (Sample JS 55, upper Steens)
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used as noted in Table 2, and these crystals are not counted in the modal abundance of
these samples (Fig. 14B). Table 3 summarizes the distribution of plagioclase abundances
among the lower and upper Steens, and the Steens Basalt as a whole. Samples dominated
by coarse groundmass are more common in the upper Steens (21% of samples) than lower
Steens (7%). Samples dominated by groundmass in general (i.e., aphyric and sparsely
phyric samples) account for 62% of the lower Steens samples and 55% of the upper Steens
samples.
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Although crystals of all sizes have been found in both the lower and upper Steens
Basalt, plagioclase modes are higher in the upper Steens Basalt, with 45% of flows
classified as plagioclase-phyric, plagioclase-rich, or extremely plagioclase-rich, compared
to 38% of lower Steens lavas (Table 3). Even though extremely plagioclase phyric samples
(>30% modal plagioclase) only make up 5% of Steens flows, they are twice as common in
the upper Steens Basalt (6%) than in the lower Steens Basalt (3%). These extremely
plagioclase phyric flows also commonly contain megacrystic plagioclase as either clusters
of many crystals that collectively exceed 10 mm or as single large crystals (see next
section). However, a systematic relationship between plagioclase size and mode is lacking.
For example, samples containing megacrystic plagioclase are not exclusive to plagioclaserich or extremely plagioclase-rich samples (e.g. sample JS 54, upper Steens). Conversely,
sample JS 27 (lower Steens) is plagioclase-rich but the dominant plagioclase size is
microcryst. Table 2 further illustrates the variability of abundance and size among the 76
analyzed samples. Overall, plagioclase is slightly more abundant in the upper Steens than
lower Steens, but systematic differences in plagioclase morphology characterize each of
the sub-sections.
Plagioclase Morphology
Multiple morphologies can be found in a single thin section, but the sample is
classified by the dominant morphology of the largest crystals (Table 2). The following
morphological categorizations describe plagioclase microcrysts, phenocrysts and
megacrysts: glomerocrysts, daisy glomerocrysts, sandwich glomerocrysts, and singleisolated crystals (Fig. 15). Glomerocryst, daisy glomerocrysts, and sandwich
glomerocrysts describe agglomerations of crystals that are common throughout the Steens
51

Figure 15: Examples of plagioclase morphologies common in the Steens Basalt (non-polarized light
thin section scans). Note the different scales.
A: Radial plagioclase “daisy” glomerocryst. Yellowish crystals between plagioclase laths are olivine
crystals. This category is one end-member of glomerocryst morphology (Sample JS 19b, lower Steens)
B: Sandwich glomerocryst exhibiting sub-parallel alignment of touching plagioclase; this category is
the other end-member plagioclase glomerocryst morphology. (Sample STM 34, upper Steens)
C: Glomerocryst displaying a morphology between the two end-member classifications. (Sample JS
26, lower Steens)
D: Single-isolated plagioclase megacryst. Note the rounded interface and abundant inclusions in this
particular crystal. This morphology is typical of upper Steens single isolated megaphenocrysts but is
not characteristic of all single-isolated crystals. (Sample JS 54, upper Steens)
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Basalt. These crystal clusters are dominated by plagioclase but may include olivine and
sub-ophitic clinopyroxene. Daisy and sandwich describe end-member glomerocryst
categories, referring to either radial and parallel arrangement of plagioclase, respectively.
The category of glomerocryst is applied to clusters falling between these two end-member
arrangements. Since these categories describe crystals in the size category microcrysts or
larger, they cannot be applied to aphyric samples. Most plagioclase in aphyric samples are
microlite-sized and acicular in morphology. References to the size of glomerocrysts are the
length of the cluster as a whole, unless otherwise noted.
Daisy glomerocrysts. The term “daisystone” describes rocks containing clusters of
plagioclase that appear to radiate from a common point (Fig. 15A). The elongate crystals
in a daisy glomerocryst resemble the spokes of a wheel in two dimensions (or a daisy
flower), though field and hand sample observations suggest that these crystals likely radiate
in all directions in three dimensions. Daisystones were first described in the Keweenawan
Flood Basalt in Ontario (Annells, 1973), and have been found in other flood basalts around
the world (Sheth, 2016). The number of crystals in a daisy glomerocryst can vary from
two to over a dozen. Olivine crystals are common in the center of and between the “petals”
of a daisy, and sub-ophitic clinopyroxene may also be found amongst the plagioclase.
Individual plagioclase crystals in a daisy glomerocryst are typically euhedral, lath-like, and
no longer than 1 cm. Daisy glomerocryst diameters are typically 0.5 to 2 mm, but some
daisy clusters with diameters over 2 cm have been observed and are categorized by size as
“megacrysts”.
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Sandwich glomerocrysts. The other end-member glomerocryst morphology found
in the Steens Basalt is defined as a cluster containing individual plagioclase crystals in a
sub-parallel arrangement, touching along their long axes. These are described as
“sandwich” glomerocrysts (Fig. 15B). Plagioclase sandwiches may or may not contain
olivine and groundmass in between plagioclase. Though individual crystals in a sandwich
are aligned, multiple sandwiches in a single sample do not necessarily share a preferred
alignment. Sandwiches of phenocryst-sized or larger, euhedral plagioclase are found
throughout the lower and upper Steens. Giant plagioclase basalts of the upper Steens
commonly contain sandwiches of megacrystic plagioclase that resemble the clusters
described in GPBs from other flood basalt provinces (Cheng et al., 2014; Higgins and
Chandrasekharam, 2007).
Non-end-member glomerocrysts. Agglomerations that do not fit either the daisy or
sandwich end-member categorizations are called glomerocrysts in this study (Fig. 15C).
Such clusters may consist of tabular and/or lath-like crystals that are touching but are
aligned neither parallel nor radially when viewed thin section. As with the end-member
glomerocryst categories, olivine may or may not be present amongst the plagioclase. This
intermediate category of glomerocrysts is common in both upper and lower Steens.
Single-isolated plagioclase. Plagioclase is also present as single-isolated crystals.
Though the width of a single isolated crystal viewed in thin section varies depending on
orientation, examination of outcrops and hand samples indicates that single-isolated
plagioclase are commonly tabular or plate-like in shape (Fig. 16). Such crystals range in
size from microcrysts (<1mm) to megacrysts up to 5 cm in length. The largest plagioclase
found in Steens Basalts are single-isolated crystals in the upper Steens Basalt (Fig. 15D).
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In comparison, most single-isolated crystals in the lower Steens Basalt are smaller (<5 mm)
and more euhedral that the giant single-isolated plagioclase in the upper Steens.
Figure 16: Field photograph of a
giant, single-isolated plagioclase
megacryst. The long axis of this
crystal is ~3.5 cm (larger than a
standard
petrographic
thin
section). Host rock is an upper
Steens “float” boulder near the
Steens Mountain summit.

Distribution of plagioclase morphologies. Morphological distinctions between the
lower and upper Steens are notable. Glomerocrysts (i.e., not daisy or sandwich) are slightly
more prevalent in the lower Steens than upper Steens (21% vs. 17%), but daisy/radial
crystal clusters are common in and exclusive to the lower Steens (excluding aphyric and
sparsely phyric samples). Conversely, samples dominated by sandwiches and singleisolated crystals are much more common in the upper Steens. Samples dominated by
single-isolated megacryst-sized plagioclase are exclusive to the upper Steens (Table 3).
Most single-isolated phenocryst-sized (or larger) plagioclase crystals are in upper Steens
lavas, though a few such crystals are found in the lower Steens. Furthermore, the high
55

modal abundances of extremely plagioclase-rich samples in the upper Steens is attributed
to the existence of a relatively small number (~5-10 per thin section) of very large
(megacryst-sized) single-isolated or sandwich plagioclase. This is in contrast to the
plagioclase in extremely plagioclase-rich lower Steens samples, which are smaller (mostly
phenocryst-sized) but much more abundant (i.e., dozens of crystals).
Plagioclase Texture
Diverse internal textures of plagioclase were observed and documented with a
petrographic microscope and scanning electron microscope (SEM). Textures include
visually-identifiable zoning patterns, resorption features, and melt inclusion-rich zones.
Concentric, oscillatory zoning is a dominant texture in most plagioclase (Fig. 17A).
Backscatter electron (BSE) imaging reveals more complex zonation in some plagioclase.
For example, oscillatory zoning surrounding the apparent core of upper Steens sample JS
55 is cross-cut perpendicularly by a “hopper” textured, melt-inclusion-rich rim (Fig. 17B).
Oscillatory zoning in some crystals is attenuated parallel to the long axis (Fig. 18).
Disequilibrium textures, including sieve zones, embayed crystals, rounded interfaces, and
complex zoning patterns like those described above are more common in upper Steens
plagioclase than lower Steens, especially in single isolated plagioclase megacrysts. Lower
Steens plagioclase typically exhibit more uniform oscillatory zoning and euhedral crystal
faces, even in glomerocrysts. Exceptions to these generalizations are found in some cases,
such as resorbed crystals in lower Steens sample MF 9466, and a somewhat radial
microcryst in upper Steens sample JS 55.
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Figure 17: Backscatter electron (BSE) images showing plagioclase zoning. Yellow circles mark
LA-ICPMS/microprobe analysis spots (to scale). Lines demarcate significant zoning boundaries:
A: Concentric oscillatory zoning in a single-isolated, phenocryst-sized plagioclase. Apparent
crystal core is outlined in yellow. Outer zones circumscribe this region. Yellow circles mark core,
intermediate, and rim electron microprobe and LA-ICPMS analyses. (Sample STM 15, upper
Steens)
B: Complex and irregular zoning patterns in a single-isolated plagioclase megacryst. The area of
the crystal interpreted as a core is marked “C”, with the corresponding major/minor/trace element
analysis spot. To the right of the core are concentric, though irregular, zones. These zones are
truncated by a different set of parallel zones above, and the core itself is truncated by another set
of distinct zones to the left. These zones are marked with an “S” where there is notable skeletal
texture, and an “R” denoting the outermost growth rim present at the edge of the entire crystal.
Other zoning boundaries exist between the major boundaries highlighted in this image. (Sample JS
55, upper Steens)
Figure 18 (left): Backscatter electron
(BSE) image of a attenuated
plagioclase zoning. Red lines outline
concentric zones that become
attenuated on the long axis. Individual
zones become thinner parallel to the
long axis and are difficult to
distinguish. Arrowheads roughly
correspond to the area where the
individual zone becomes difficult to
trace. (Sample JS 37, upper Steens;
circles outlined in black are laser
ablation spots)
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Summary of Petrographic Observations
Some systematics among plagioclase morphology, size, and texture and whole-rock
composition (i.e., MgO wt. %) and stratigraphic location are observed (Fig. 19). Giant,
single-isolated plagioclase megacrysts are only found in the upper Steens. In contrast, daisy
glomerocrysts are exclusive to the lower Steens. Glomerocrysts, sandwiches, and single
isolated plagioclase are present in both the upper and lower Steens. Modal abundances of
plagioclase can exceed 30% (extremely plagioclase-rich) in both the lower and upper

Figure 19: Plagioclase mode (%) vs. whole-rock MgO (wt. %). Descriptive categories of plagioclase
abundance based on mode are also marked (e.g. plagioclase-rich). Symbols correspond to the dominant
phenocryst morphology in each sample. Daisystones (samples with abundant radial/daisy glomerocrysts)
are exclusive to the lower Steens, whereas most flows characterized by single isolated and sandwich
plagioclase are in the upper Steens and have MgO <6.5 wt. %. Glomerocrysts (between the end-member
morphologies) are found in both the upper and lower Steens. Also note the weak negative correlation of
MgO contents and plagioclase abundance (mode).
*In the case of aphyric samples, symbols correspond to a description of the groundmass plagioclase (i.e.
microlitic or coarse-grained).
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Steens; however, the extremely plagioclase-rich samples in the lower Steens samples are
typically composed of a large number of smaller crystals whereas upper Steens extremely
plagioclase-rich samples consist of fewer but much larger (megacrystic) plagioclase. Large
to giant single-isolated type crystals are only present in flows with <6 wt. % whole-rock
MgO. In situ analysis of plagioclase further elucidates these correlations. Although only a
small percentage of Steens samples are extremely plagioclase-rich, the upper Steens
contains twice as many as the lower Steens (6% of upper Steens samples vs. 3% of lower
Steens samples, Table 3). Textures suggesting resorption or chemical disequilibrium are
generally more common in the upper Steens than lower Steens, and these observations help
to inform the in situ plagioclase compositional data described below.
In Situ Plagioclase Compositional Data
Major, Minor, and Trace Element Compositions
Plagioclase crystals from 6 lower Steens lavas and 12 upper Steens lavas were
analyzed using an electron microprobe for major and minor element compositions and LAICPMS for trace element concentrations at crystal cores, rims, and intermediate locations.
Groundmass plagioclase crystals were also analyzed. Multiple plagioclase crystals from
each lava flow characterize the plagioclase population, with an average of 20 analyses per
thin section. All major and minor oxide compositions (weight percent SiO2, Al2O3, FeO,
CaO, K2O, Na2O, MgO, and TiO2) and trace element concentrations (ppm Sr, Ba, Ce, La,
etc.) of plagioclase analyzed in this study are reported in Appendix 5. Ranges, averages,
and standard deviations (s.d.) of select major, minor and trace element concentrations for
various plagioclase populations (e.g., upper and lower Steens, plagioclase cores and rims)
are reported in Table 4. Compositional ranges of major, minor, and trace elements are
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described below for the entire crystal population and the populations for lower and upper
Steens, followed by a summary of the zoning characteristics of crystal populations.
Electron microprobe results. Select major and minor element compositions of
plagioclase are summarized in Table 4. The population of all plagioclase is characterized
by small standard deviations in major/minor element compositions. For example, the
average SiO2 content is 53 wt.% (s.d. = 1.7) and the average Al2O3 is 29.7 (s.d. = 1.28).
Variations among other oxides are equally small, with standard deviations of less than 2
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wt.% for each oxide (FeO, CaO, K2O, Na2O, MgO, and TiO2). Additional compositional
characteristics can be summarized by examining the anorthite content of plagioclase (molar
(Ca/[Ca + Na + K])*100). Of the 494 individual analyses, 78% have anorthite (An)
contents between 60 and 75% (Table 4, Fig. 20), which is in the labradorite to bytownite
range. This range is consistent with that of previously collected microprobe data for other
Steens plagioclase, of which 84% of over 1000 analyses returned

Figure 20: Histogram of plagioclase anorthite contents from this study. Data include core,
intermediate, rim, and groundmass analyses. Most analyses fall between An60 and An70. Those less
than An50 are rim and groundmass analyses.
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anorthite contents of 60 -75% (Graubard, 2016; Moore and Grunder, 2014). Twenty one
percent of analyses from this study are less than An60 and only 1% are greater than An75.
All analyses of <An50 are crystal rims or groundmass plagioclase; therefore, the bulk of
plagioclase crystallized at a composition of An60-75 (Fig. 21). Lower Steens plagioclase
(ave. An = 66.0) are slightly more anorthite-rich than upper Steens plagioclase (ave. An =
61.4), though the averages are within one standard deviation (Table 4).
Plagioclase MgO and FeO are both correlated with anorthite content (Fig. 22). The
slightly higher An content of lower Steens plagioclase is mirrored by higher MgO and
lower FeO contents than upper Steens plagioclase, although there is considerable overlap
in both oxides between the lower and upper Steens fields. The positive correlation of An
with MgO is accentuated by a tail of rim and groundmass analyses with atypically low
anorthite (<An50) and low MgO (<0.1 wt. %) contents. A secondary trend is defined by a
group of analyses with average anorthite contents (An55-70) but significantly higher than
average MgO (>0.2 wt.%). Plagioclase FeO and anorthite show a broad negative
correlation. Crystals with the highest anorthite contents (mostly lower Steens) have among
the lowest FeO contents. Numerous rim and groundmass analyses emanate from the main
cluster to higher FeO.
LA-ICP-MS results. Of the 492 total microprobe analysis locations, 282 were also
analyzed using a LA-ICPMS to determine selected trace element concentrations (Appendix
5). Results of trace element analysis are best summarized by Ba and Sr (Fig. 23). Evaluation
of whole-rock data indicated that Ba and Sr both behaved as incompatible elements during
differentiation; that is, the trend of MgO (wt. %) versus Sr (ppm) or Ba (ppm) is negative.
However, Sr typically behaves compatibly in plagioclase, whereas Ba typically behaves
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Figure 21: Plagioclase An contents (%) vs. sample. Each vertical grouping of points corresponds to the analyses of a single crystal or glomerocryst.
See text and Table 3 for details.

Figure 22: Plagioclase MgO
and FeO (wt. %) vs.
plagioclase An content (%).
Analytical error bars smaller
than the symbols.
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Figure 23: Plagioclase Sr and Ba (ppm) vs. sample and vs. An content (%). (A) Plagioclase Sr
ppm vs. sample, (B) plagioclase Sr ppm vs. An content, (C) plagioclase Ba ppm vs. sample, and
(D) plagioclase Ba ppm vs. An content. Typical analytical error bars for each trace element are
shown. See text for descriptions.
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incompatibly. The trends observed in Ba are representative of the trends in other
incompatible trace elements (e.g. Ce, La), but since these other trace element analyses have
greater analytical uncertainties, discussion will focus on Ba.
Though the average major/minor element compositions do not vary significantly
across plagioclase populations, the concentration of Sr in plagioclase in this study ranges
from 545 to 1270 ppm, with an average of 897 ppm and standard deviation of 164 ppm. Ba
concentrations range from 28 to 560 ppm, with an average of 139 ppm (s.d. = 75 ppm)
(Table 4). Lower Steens samples generally contain lower concentrations of Ba and Sr than
the upper Steens: averages are 73 ppm (s.d. = 26 ppm) and 733 ppm (s.d. = 82 ppm) for
lower Steens and 178 ppm (s.d. = 66 ppm) and 996 ppm (s.d. = 114 ppm) for upper Steens,
for Ba and Sr, respectively. Exceptions to this trend are the sparsely phyric samples JS 31
and JS 32, which are from the upper Steens but have Ba concentrations more similar to the
lower Steens. Likewise, lower Steens sample NMSB 13 has elevated concentrations of Sr
compared to the other lower Steens samples, although its Ba concentration has a lower
Steens signature. Plagioclase Sr concentrations are not well correlated with anorthite
contents, whereas Ba and anorthite have a broad inverse correlation (Fig. 23). In both Sr
and Ba vs. An content space, lower Steens and upper Steens analyses are separated into
distinguishable clusters. Differences between plagioclase in the lower and upper Steens are
further elucidated by comparing the degree of compositional zoning of major and trace
elements within single crystals.
Compositional Zoning
Because core, intermediate, and rim analyses of major, minor, and trace elements
were collected in this study, plagioclase can also be characterized by internal chemical
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variation or zoning within individual crystals or glomerocrysts. Zoning of major elements
across all Steens plagioclase is modest. The average variation of anorthite content within a
single crystal or glomerocryst (maximum An – minimum An) is 10.4 (s.d. = 8.1), with 67%
having a difference of <10. This includes rim analyses of <An50. Excluding rims with
<An50, the average range of anorthite contents within a single crystal or glomerocryst is
reduced to 8.5 (s.d. = 5.0), with 75% having a difference <10 (Fig. 24B). Where core to
rim zoning is apparent, both reverse and normally zoned plagioclase are present (Fig. 24A).
About 60% of plagioclase with clearly identifiable core and rim zones are predominantly
normally zoned (where zoning here is defined as the difference between core and rim)
while 40% are reversely zoned. While intermediate analyses are typically more anorthiterich than their respective rims, there is no consistent relationship between intermediate
analyses and their respective cores. Areas of normal zoning and reverse zoning are found
within a single crystal (Fig. 25).
Internal variation of plagioclase composition is more apparent in trace elements.
Lower Steens plagioclase exhibit a smaller range of trace element compositions compared
to upper Steens plagioclase. Ba demonstrates this zoning particularly well (Fig. 23C),
although this trend is found in other trace elements. The standard deviation of Ba
concentrations for all lower Steens analyses is 26 ppm, whereas the standard deviation of
upper Steens analyses is 66 ppm. Similarly, the standard deviation of lower Steens Sr
concentrations is 82 ppm, whereas the standard deviation for upper Steens is 114 ppm
(Table 4). Thus, the internal trace element zoning is larger in upper Steens plagioclase than
lower Steens, as shown by Figures 26B and D and 23 A and C. While there is greater
variability in upper Steens plagioclase trace elements, a consistent pattern of zoning is not
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Figure 24: Zoning of
plagioclase, demonstrated by
(A) the differences in An
contents between core and rim
of a single crystal and (B) the
difference between the highest
and lowest An analyses in a
single crystal (excluding rim
analyses <An50).
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Figure 25: Anorthite content of
plagioclase vs. distance from core.
Data from an electron microprobe
transect of a plagioclase in lower
Steens sample JS 27. Both normal
(white fields, “N”) and reverse
(grey fields, “R”) zoning is
observed within a single crystal.
Although the core and rim have
virtually the same An content,
intermediate
analyses
show
internal variation, which is
common in Steens Basalt
plagioclase.

apparent. Most rim analyses are lower in Sr and higher in Ba than their respective cores,
but crystals with the opposite zoning are present in samples of lower and upper Steens (Fig.
26).
Sr Isotopes
Plagioclase from 10 samples (5 lower Steens and 5 upper Steens) were analyzed
using a microdrill and thermal ionization mass spectrometry (TIMS) to determine the Sr
isotopic compositions of the crystal core, rim, and an intermediate location, where possible.
The groundmass of each sample was also drilled and analyzed. The 87Sr/86Sr compositions
of the 42 total analyses range from 0.70344 to 0.70517 (Fig. 27). The most radiogenic in
situ analysis, 0.70517 (upper Steens groundmass), is an outlier, as all other analyses fall
within the Steens whole-rock Sr isotope range of 0.70333 to 0.70415 (Bendaña, 2016;
Moore et al., 2017).
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Figure 26
A

B

C

D

Figure 26: Zoning in Sr and Ba concentrations of plagioclase demonstrated by difference in
concentrations between core and rim analyses of a single crystal and the difference between the
highest and lowest Ba or Sr analyses in a single crystal. A) Sr core – rim; B) Max. Sr – Min. Sr;
C) Ba core – rim; D) Max. Ba – Min. Ba.
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Figure 27: Sr isotopic ratio for plagioclase, groundmass (gm), and whole-rock (WR) of each sample
in this study. Error bars are reproducibility. Anomalously large error of JS 55 core 2 is likely due to
low Sr concentration of sample. *One groundmass analysis of sample JS 54 (0.70517) is an outlier
and not shown to scale.

Lower Steens plagioclase and groundmass 87Sr/86Sr range from 0.70344 to 0.70392, and
upper Steens plagioclase and groundmass
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Sr/86Sr range from 0.70360 to 0.70412,

excluding the aforementioned outlier. Plagioclase Sr isotope results, along with select
corresponding major and trace element, size and morphological data are reported in Table
5. Because the Rb concentrations are sufficiently low, reported 87Sr/86Sr are not age71
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corrected, as the change in ratio after applying the Rb correction is less than the
reproducibility (see Methods).
Lower Steens plagioclase

87

Sr/86Sr is generally less radiogenic and the isotopic

range is smaller than in upper Steens plagioclase 87Sr/86Sr. Three out of five lower Steens
samples contain isotopically unzoned plagioclase crystals (within uncertainty) compared
to zero of five upper Steens plagioclase. When observed, isotopic zoning in upper Steens
plagioclase may be either more radiogenic towards the rim or more radiogenic towards the
core (Fig. 27). Additionally, nearly half of the lower Steens plagioclase are in isotopic
equilibrium (within uncertainty) with their host groundmass (8 plagioclase analyses out of
19) (Fig. 28). In contrast, one quarter (3 out of 12) of upper Steens plagioclase analyses are
in isotopic equilibrium with their host groundmass.
Plagioclase
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Sr/86Sr correlates with crystal morphology. The cores of daisy

glomerocrysts in lower Steens samples NMSB 13 and JS 26 are within uncertainty of their
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Figure 28: Difference in Sr isotope ratios between each microdrill plagioclase analysis and its associated
groundmass. Analyses for which the error bars touch the zero line are in equilibrium with the groundmass.

respective rims, and the rims are within 0.0005±0.0002 of their respective groundmass.
The lower Steens plagioclase that are not in isotopic equilibrium with their host
groundmass (samples MF 9466 and JS 22) exhibit textural evidence of resorption such as
sieve texture and rounded interfaces.
The most internally zoned plagioclase crystal is from upper Steens sample JS 54.
Analysis of the core, an intermediate area, and the rim reveals a clear zoning pattern with
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the core having less radiogenic 87Sr/86Sr, than the intermediate analysis, which in turn has
less radiogenic 87Sr/86Sr than the rim. This plagioclase is a giant single-isolated crystal, the
rim of which appears resorbed; the adjacent groundmass has less radiogenic Sr than any
analyzed part of the plagioclase and is therefore not in equilibrium with the plagioclase.
This sample also exhibits groundmass heterogeneity. A second isotopic analysis of
groundmass yields a Sr isotope ratio of 0.70517 (compared to 0.70361 for the first
groundmass
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Sr/86Sr). Thus, based on the samples in this study, the degree of

disequilibrium between an upper Steens plagioclase crystal and its associated groundmass
is greater than that of lower Steens. Similarly, upper Steens plagioclase are more
isotopically zoned internally than lower Steens plagioclase. Furthermore, giant, singleisolated plagioclase that commonly exhibit internal zoning (e.g., JS 55) are only found in
the upper Steens section.
Furthermore, there is a slight correlation between plagioclase
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Sr/86Sr and

stratigraphic height (the samples names in Fig. 27 are in relative stratigraphic order from
left to right). Lower Steens plagioclase Sr becomes less radiogenic with increasing
stratigraphic height. Upper Steens plagioclase do not have a clear positive or negative
correlation with stratigraphic height, but collectively they have more radiogenic Sr than
lower Steens plagioclase. Analysis of more samples stratigraphically between lower Steens
sample JS 26 and upper Steens sample JS 32 might better reveal possible trends including
the transition between the lower and upper Steens sections, though many of these lava
flows are inaccessible (see Methods).
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Summary of Plagioclase Characteristics
In addition to stratigraphic and compositional trends that distinguish the upper and
lower Steens Basalt, systematic differences in plagioclase size, texture, morphology, and
composition are revealed by petrographic analysis and in situ plagioclase compositional
data. Though the major element compositions of Steens plagioclase (i.e., An content) are
broadly similar, differences between lower and upper Steens plagioclase are manifested in
the trace elements and 87Sr/86Sr. The concentrations of trace elements like Ba and Sr are
generally lower than those of the upper Steens and
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Sr/86Sr is mostly less radiogenic.

Lower Steens plagioclase tend to be unzoned in trace element compositions and 87Sr/86Sr,
and are in isotopic equilibrium with their host groundmass. The population of lower Steens
plagioclase is also more homogenous in that the range of trace element compositions
among all lower Steens samples is small. Upper Steens plagioclase are mostly more
enriched in incompatible trace elements and have more radiogenic Sr. Crystals exhibit
more zoning in trace elements and 87Sr/86Sr, and fewer of them are in equilibrium with their
groundmass or other crystals. Upper Steens plagioclase also exhibit more disequilibrium
textures suggestive of resorption, such as sieve texture, rounded interfaces, and clear
narrow growth rims surrounding a crystal interior with oscillatory zoning. Despite these
textural differences and differences in trace element and isotopic compositions, lower and
upper Steens plagioclase both fall within a relatively narrow range of major element
compositions (e.g., average An for entire population analyzed in this study is 63.8, s.d =
6.8) and are typically modestly zoned (75% of all crystals show internal zoning of less than
An10, excluding 10 Ab-rich rims and 4 groundmass plagioclase <An50 out of nearly 500
total analyses).
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CHAPTER V: DISCUSSION
Origin of Steens Plagioclase
Textural and chemical evidence in the Steens giant plagioclase supports the
conclusions drawn from whole rock data and modeling that open-system processes are
operative in the Steens magmatic system and may be directly responsible for the existence
of the large plagioclase. Based on hypotheses developed in other localities on Earth, large
and abundant plagioclase may originate from three possible processes in a magma: 1) new
crystal growth, i.e., crystals formed and grew from the same magma in which they were
erupted, 2) antecrystic entrainment, i.e., crystals formed in the same magma chamber from
which they were erupted but formed at an earlier time in the evolution of the magma
system, or 3) xenocrystic entrainment, i.e., foreign crystals that formed in a distinct magma
body (deeper magma chamber or crust) were incorporated into a different magma and then
erupted. The hypotheses for giant plagioclase formation in other flood basalts all invoke
one or more of these processes (see Background for references).
Below, these three hypothesized origins of giant plagioclase are evaluated for their
applicability to the Steens magma system. Steens plagioclase are also compared to those
from other giant plagioclase basalts. Finally, the evaluation of existing hypotheses is
integrated with data and observations of the Steens Basalt to propose a model for
plagioclase formation that takes into account plagioclase composition, texture, and
computational modeling.
Xenocrystic Origin?
Lange et al. (2013) and Sheth (2016) proposed that giant plagioclase in mid-ocean
ridges and continental flood basalts initially form in sills near the crust-mantle boundary.
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They proposed that these plagioclase were entrained by an ascending magma and erupted;
thus, these plagioclase are xenocrystic. However, the evidence used to support these
hypotheses are not applicable to the Steens Basalt. Steens giant plagioclase differ from
those which form the basis of Sheth’s model. He hypothesized that xenocrysts were
“premanufactured” in a lower crustal sill where they resided and grew to a large size and
would therefore be compositionally homogenous and not in isotopic equilibrium with their
host groundmass. Although many upper Steens plagioclase are not in isotopic equilibrium
with the associated groundmass, they do not have homogenous trace element or Sr isotope
characteristics, suggesting a more complex history than simple entrainment. Typically,
lower Steens plagioclase exhibit less internal zoning in trace elements and are mostly in
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Sr/86Sr equilibrium with their host groundmass, suggesting they likely (dominantly) grew

in the same magma in which they were erupted. Thus, neither lower Steens nor upper
Steens plagioclase are well described by Sheth’s model of xenocrystic entrainment.
Likewise, the model for PUB formation (Lange et al., 2013) is an unlikely
explanation because 87Sr/86Sr of Steens plagioclase falls within the range of the whole-rock
isotopes (~0.7033-0.7042), suggesting the plagioclase is not of a separate crustal domain
(i.e., xenocrystic). This conclusion is supported by computational modeling using MELTS
(Graubard, 2016) and analysis of plagioclase-hosted melt inclusions (Johnson et al., 1996)
that provide strong evidence that Steens magmas crystallized plagioclase at shallow to midcrustal depths (3-5 kbar). Steens magmas intruded into accreted terrane crust, which likely
has a 87Sr/86Sr of 0.7040 to 0.7060 (Bendaña, 2016; Leeman et al., 1992). All plagioclase
analyses are less than 0.7040 except one upper Steens rim analysis of 0.70412 (sample JS
54). This indicates that none of the plagioclase analyzed are xenocrysts formed in the
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wallrock. Since entrainment of xenocrystic material is not supported by compositional or
computational evidence, this hypothesis will not be discussed further.
New Crystal Growth?
Distinguishing antecrysts from new crystals that formed in equilibrium with their
associated melt can be difficult using major elements, since the compositional range may
be broadly similar if the crystals form under similar magma chamber conditions. However,
differences in trace element compositions, Sr isotopes, and textures of plagioclase help to
differentiate antecrystic plagioclase from those that formed and grew in the same melt in
which they erupted (new crystal growth). Newly-grown crystals will be in isotopic
equilibrium with their host groundmass. Most lower Steens plagioclase are unzoned in Sr
isotopes and in isotopic equilibrium with their host groundmass, providing compelling
evidence that the analyzed population of plagioclase crystallized from the melt in which
they were erupted (represented by the groundmass composition). Additionally, lower
Steens plagioclase exhibit little evidence of resorption that would suggest a complex
transport/entrainment history. Zoning boundaries in thin section are uniform across crystals
and between sections of glomerocrysts and are not truncated by apparent resorption
surfaces. As such, the data favor a hypothesis in which the majority of plagioclase in the
lower Steens Basalt are newly-grown crystals.
Antecrystic Origin?
In contrast, upper Steens plagioclase exhibit more complex textural and
compositional characteristics than lower Steens plagioclase. Major element characteristics
of both upper and lower Steens plagioclase are similar and are consistent with formation
in a crustal magma chambers, according to MELTS modeling, but upper Steens plagioclase
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are more zoned in trace elements and
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Sr/86Sr. Both normally- and reverse-zoned

plagioclase are found in single samples, and most giant plagioclase in the upper Steens are
not in isotopic equilibrium with host groundmass. This suggests that the cores of crystals,
even in the same sample, formed from magmas of different composition. Furthermore,
upper Steens plagioclase commonly exhibit resorption features like sieve texture, rounded
interfaces, and may be embayed by groundmass (melt). Zoning patterns are sometimes
cross-cut or truncated by distinct sets of zones (Fig. 17). The complex melting and growth
cycles suggested by these isotopic and textural characteristics yields a hypothesis that
upper Steens plagioclase likely represent antecrystic plagioclase that were entrained and
partially resorbed; growth then continued. Both antecrystic and new crystal growth origins
for giant plagioclase have been proposed by other studies. In the following sections, the
merits of these models are discussed, after which I propose a new model for Steens giant
plagioclase formation that integrates the data collected in this study with the existing
hypotheses for giant plagioclase formation.
Comparison of Steens Giant Plagioclase to Other Giant Plagioclase
While the giant plagioclase found in the Steens Basalt share many of the
characteristics of giant plagioclase from the other localities, giant plagioclase in the upper
Steens are most similar to those described in the Deccan Traps. Upper Steens lavas contain
the largest plagioclase, most of which have a single-isolated morphology. Like the Deccan
plagioclase, they are only modestly zoned in major elements (e.g. maximum An-minimum
An <10) and commonly have a distinct narrow growth rim (e.g., Fig. 17) like those
described by Borges (2007) and Higgins and Chandrasekharam (2007). Furthermore, the
upper Steens giant plagioclase basalts lack smaller crystals (microcryst-sized)—virtually
80

all plagioclase (apart from groundmass) are >1 cm in length, with some exceeding 5 cm
(as observed in outcrop and hand sample). Field observations also indicate that these upper
Steens plagioclase are tabular, and thus are very similar to the “ideal shape” of plagioclase
described by Higgins and Chandrasekharam (2007). Single-isolated tabular crystal growth
is expected in an environment with a low degree of undercooling (Mills and Glazner, 2013;
Cheng et al., 2014). Additionally, soil between upper Steens lava flows is more developed,
which could be evidence of longer hiatuses between eruptions, similar to the interpretation
that red bole horizons in the Deccan Traps correspond to periods of volcanic quiescence
described by Sen (2001) and Higgins and Chandrasekharam (2007), In this hypothesized
scenario, crystals may have resided in a magma chamber near the liquidus temperature,
which would favor textural coarsening.
Lower Steens plagioclase are distinct from upper Steens plagioclase, and most
resemble the clustered touching plagioclase described as reflecting higher degrees of
undercooling by Cheng et al. (2014). Unlike upper Steens plagioclase, lower Steens giant
plagioclase exhibit minimal to no resorption textures like truncated zoning and sieve
texture. Additionally, crystals and melt, as represented by groundmass, tend to either be in
Sr isotope equilibrium or just slightly out of equilibrium (e.g. 0.70351 ±0.00002 vs.
0.70356 ±0.00002, sample JS 26). Although the lower Steens and upper Steens magma
chambers can produce plagioclase with similar major and minor element compositions, the
processes affecting the trace element compositions, isotopic signatures, textures, and
morphologies changed from the eruption of the lower Steens Basalt to the eruption of the
upper Steens Basalt, as described in the following sections.

81

Model for Giant Plagioclase Formation in the Steens Basalt
Although there are similarities between Steens plagioclase and giant plagioclase
from these other localities, no single process or model of formation described previously
could be solely responsible for the compositions and diversity of textures and morphologies
observed in Steens plagioclase. Thus, a new model for giant plagioclase formation is
proposed that integrates different aspects of the studies discussed above with the
comprehensive textural and in situ mineral analyses of this study. Open-system
computational modeling using the Magma Chamber Simulator strongly supports this
proposed model (Louis, 2018, pers. comm.).
Summary of Hypothesis
I propose that a plagioclase-bearing cumulate formed through fractionation of
Steens magma and was subsequently entrained into a crustal magma chamber. This
entrainment event stimulated plagioclase growth, resulting in exceptionally large and/or
abundant plagioclase. The composition and temperature of the resident magma into which
this cumulate was entrained dictate the texture, morphology, and size of plagioclase that
erupted and correspond to the systematic differences observed between the lower and upper
Steens. To evaluate this hypothesis, the constraints of the hypothesized cumulate and the
two end-member magma chamber environments into which this cumulate would have been
entrained (upper vs. lower Steens) are discussed. The supporting evidence for each set of
processes and an overview of the samples that reflect a hybrid of the two end-member
models are then presented.
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Constraints on Hypothesis
Models described for the Deccan Traps (Sen, 2001; Borges, 2007; Higgins and
Chandrasekharam, 2007) and Emeishan Large Igneous Province (Cheng et al., 2014)
suggest that accumulated plagioclase is the source of material necessary to generate large
and abundant plagioclase. A plagioclase-bearing cumulate likely existed in the Steens
magma chamber, whether at the top of magma chamber from floating plagioclase, or as a
crystal-rich solidification front; both processes could have provided an antecrystic source
of plagioclase material. A likely composition for this cumulate material in the Steens
system was determined by modeling fractional crystallization of a mafic Steens parent
composition (NMSB 18) using MELTS, with the fractionated solids representing the
mineral assemblage and composition of a Steens cumulate. Based on ~100 MELTS runs,
many cumulate compositions were produced based on the proportions of different phases
fractioned from the modeled melt at temperature steps (Louis et al., 2017). Potential
cumulate assemblages included dunite, pyroxenite, gabbro, and anorthosite, depending on
the P-T conditions used and whether the cumulate included fractionated material from all
temperature steps or a single temperature step in the MELTS model. Solids fractioned from
melts with less than ~3.5 wt. % MgO were excluded, as melts of this composition are not
observed in Steens rocks, and cumulates that did not produce plagioclase were excluded
because plagioclase is a critical mineral in Steens basalts. Using these constraints, an
example of a likely Steens cumulate would consist of approximately 10-12% olivine, ~60%
cpx, and 28-30% plagioclase, along with a few percent melt.
Open-system modeling using the Magma Chamber Simulator (Bohrson et al., 2014)
was able to successfully reproduce the general characteristics (i.e., An content, abundance)
83

of Steens giant plagioclase lavas by entraining this plagioclase-bearing cumulate into a
Steens-like magma chamber, triggered by a relatively small magma recharge event (Louis,
2018, pers. comm.). However, resulting texture and composition after this entrainment
event depend on whether the material was entrained into the hotter, more mafic magma
typical of lower Steens or slightly cooler, more evolved magma similar to many upper
Steens lavas. This model relies on the hypothesis that entrainment of a crystal mush (i.e.,
mostly crystallized cumulate) was initiated by a recharge event, but that the entrained
plagioclase responded differently because of different ambient conditions that prevailed in
a typical lower Steens-type versus a typical upper Steens-type magma chamber.
Based on the integration of compositional, textural, and morphological
observations of Steens plagioclase with the constraints of computational modeling and
other hypotheses for giant plagioclase formation, I propose that the size and abundance of
plagioclase in the Steens Basalt can be described by two end-member models. One endmember represents entrainment into a magma chamber that likely would erupt lavas with
lower Steens-like compositions and plagioclase, while the other end-member magma is
likely representative of a magma chamber producing upper Steens-like lavas. Of the 10
samples analyzed for the full suite of plagioclase data, two samples are particularly welldescribed by the lower Steens magma chamber end-member model (NMSB 13 and JS 26).
Likewise, two other samples are well-described by the upper Steens magma chamber endmember model (JS 54 and JS 55). The remaining samples are proposed to be hybrids that
reflect aspects of both models. The following sections describe plagioclase origin in a
lower Steens-type magma body and an upper Steens-type magma body and the textural and
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chemical evidence supporting each model, after which, hybrid sample origins are
described.
Entrainment into a Lower Steens Magma Chamber. Lower Steens lavas erupted
from a relatively mafic magma chamber dominated by recharge of mafic magma, compared
to the more evolved upper Steens magma chamber dominated by crustal assimilation.
Phase equilibria modeling indicates that plagioclase would not crystallize in a closedsystem magma with ≳7 wt. % MgO. To achieve the abundance of plagioclase found in
samples with >7 wt. % MgO, addition of a plagioclase-rich material (i.e. cumulate) is
therefore necessary.
The entrainment model for a lower Steens-type magma chamber (melt MgO ≳7 wt.
%) is summarized in Figure 29. Antecrystic plagioclase likely accumulated on the margins
of the magma chamber either from settling or floating of previously fractionated solids or
in a crystallization front due to the temperature gradient near the wallrock (Higgins and
Chandrasekharam, 2007; Marsh, 1996; Cheng et al., 2014). Moore et al. (in revision)
describe plagioclase-bearing lavas in a recently discovered Steens Basalt sequence just
below the lower Steens section described in this study, which is evidence for the earlier
plagioclase fractionation necessary to form a cumulate. As MELTS modeling indicated, a
Steens cumulate would dominantly consist of clinopyroxene, plagioclase, and olivine
(Louis et al., 2017). I hypothesize that this cumulate material is disturbed by recharging
magma and is entrained into the magma chamber, where it mixes and equilibrates. MCS
modeling shows that plagioclase from the entrained crystal cargo resorbs as a result of the
combination of pressure, temperature and composition (e.g., MgO >7 wt. %) of the mixed
magma (recharge magma + host magma + entrained cumulate). However, once the magma
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Figure 29: Schematic diagram of the proposed model for giant plagioclase formation in a lower Steens-like (higher MgO) magma chamber.

begins to cool, plagioclase begins to crystallize due to the input of the entrained cumulate.
Because most MCS models show that the plagioclase is completely resorbed upon
entrainment but aggressively blooms (a mass of plagioclase equivalent to ~2% of the total
mass of the magma system is fractionated over a 5ºC temperature decrease immediately
after the entrainment event; Louis, 2018, pers. comm.). The abundant plagioclase in many
lower Steens (e.g., >~7 wt. % MgO) lavas likely result from new plagioclase nucleation
and growth in the mixed magma, stimulated by the addition of cumulate material.
Plagioclase resulting from the scenario described above would exhibit textural,
morphological, and chemical evidence of growth of new crystals. Plagioclase crystals
grown in equilibrium are expected to lack resorption textures, such as sieve texture,
truncated zoning, and embayed crystals. Instead, ideally, zoning boundaries should be
uniform and straight, with oscillations representing small-scale dynamic changes or
diffusion as opposed to significant resorption (Ginibre et al., 2007; Pearce, 1994). Lower
Steens samples such as NMSB 13 and JS 26 exemplify the plagioclase textures expected
from such nucleation and growth (Appendix 6, figs. 2 & 5). These two samples contain
large daisy plagioclase, the radial texture of which could be the result of higher degrees of
undercooling or a primary feature reflecting nucleation of plagioclase on a central seed
crystal, as suggested for the radial crystals in the Emeishan GPBs (Cheng et al., 2014).
Regardless of the specific origin of daisies, this morphology would not be expected for
crystals that were partially resorbed upon entrainment or that grew from coarsening, as
such crystals would likely have a more tabular morphology (c.f., Higgins (1998)).
Furthermore, crystals of many different sizes are found in these samples, suggesting
significant plagioclase nucleation in a saturated magma—textural coarsening due to
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thermal oscillation would destroy small crystals to fuel growth of larger crystals (Simakin
and Bindeman, 2008; Mills and Glazner, 2013).
Evidence for new crystal growth from a magma enriched in plagioclase material by
entrainment is also expressed in the chemical and isotopic compositions of the plagioclase.
The multiple crystals analyzed in each of these lower Steens samples have very similar
major, minor, and trace element compositions (Table 5). This homogeneity across different
samples is exemplified particularly well by the very narrow range of incompatible trace
element compositions. For example, the range of plagioclase Ba (ppm) in all lower Steens
plagioclase is ~150-250 (Fig. 23C), and individual plagioclase crystals are virtually
unzoned (Figs. 26A, B). The lower Ba in these plagioclase compared to that in upper Steens
suggests growth from a magma that is more MgO-rich (i.e., less fractionated) compared to
upper Steens, and therefore is more dilute in incompatible trace elements like Ba.
Additionally, the generally higher MgO plagioclase concentrations support the crystals
forming from a more mafic magma compared to upper Steens plagioclase, which is
consistent with the suggestion that lower Steens experienced higher rate of recharge—the
input of recharge magma with a low concentration of trace elements (i.e., Ba) compared to
the resident magma would dilute the concentration of trace elements, which would be
recorded in plagioclase that formed from this mixed melt.
Further evidence for growth of new crystals in the lower Steens resulting from
entrainment and resorption of a plagioclase-bearing cumulate is found in the in situ
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Sr/86Sr. Lower Steens plagioclase 87Sr/86Sr are less radiogenic than those in the upper

Steens, which strongly suggests that these plagioclase crystals grew in a magma that was
less affected by crustal assimilation, which typically would increase 87Sr/86Sr of the melt
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and therefore the plagioclase fractionating from this melt. The less radiogenic whole-rock
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Sr/86Sr of lower Steens samples compared to upper Steens samples is consistent with the

plagioclase
unzoned in

87
87

Sr/86Sr observations. Furthermore, most lower Steens plagioclase are

Sr/86Sr within analytical uncertainty (Fig. 27, Table 5), indicating that the

plagioclase grew from a (locally) closed-system melt. Even analyses of the cores of
multiple constituent plagioclase in a daisy glomerocryst are in isotopic equilibrium,
indicating that the radial morphology is not necessarily an artefact of preserved cumulate
antecrysts (i.e., NMSB 13, Fig. 2 of Appendix 6). The glomerocryst analyzed in sample JS
26 is similarly homogenous internally and is in equilibrium with its groundmass (Fig. 5 of
Appendix 6). Of equal significance are many of the lower Steens plagioclase are in Sr
isotopic equilibrium with their associated groundmass (Fig. 28). Collectively, crystalgroundmass equilibrium and the lack of internal zoning strongly support the hypothesis
that large and abundant lower Steens plagioclase crystallized in a well-mixed magma
chamber following recharge-driven entrainment of a plagioclase-bearing cumulate.
Entrainment into an upper Steens magma chamber. Plagioclase in an upper
Steens magma chamber that is characterized by more evolved magma behaves differently
than plagioclase entrained in the lower Steens chamber (Fig. 30). Because upper Steens
magmas typically are more evolved (MgO wt.% less than ~6.5), plagioclase is a
crystallizing phase at crustal pressures (>6 kbar). In MCS models where entrainment of a
plagioclase-bearing cumulate is triggered by recharge of a more mafic magma (i.e., similar
to the Steens parent magma), mixed magma temperature increases, resulting in the partial
resorption of plagioclase. MCS modeling indicates that only a proportion of the entrained
plagioclase resorbs and that entrainment stimulates increased plagioclase crystallization
89
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Figure 30: Schematic diagram of the proposed model for giant plagioclase formation in an upper Steens-like (lower MgO) magma
chamber.

upon cooling of the mixed (recharge magma + host magma + entrained cumulate) magma.
An important distinction between the lower and upper Steens Basalt is that cumulate
plagioclase entrained into the upper Steens magma chamber are not fully resorbed, and
therefore some antecrystic material is preserved. While a kinetic analysis of crystal growth
is beyond the scope of this study, pre-existing crystals would form energetically favorable
locations for crystallization to recommence, and thus antecrysts would therefore grow
larger via textural coarsening (Higgins, 1998; Simakin and Bindeman, 2008; Mills and
Glazner, 2013), as suggested for the GPBs in the Deccan Traps and Emeishan flood basalts
(Higgins and Chandrasekharam, 2007; Cheng et al., 2014).
Evidence for this process of partial resorption and textural coarsening is found in
both textural and compositional plagioclase data from the upper Steens. Firstly, upper
Steens plagioclase have more abundant resorption textures and morphologies compared to
lower Steens. Virtually all upper Steens giant plagioclase have rounded interfaces that
truncate oscillatory zones and internal sieve texture. This strongly suggests a
disequilibrium process that could reflect the proposed partial resorption of cumulate
(antecrystic) crystals. Furthermore, zoning boundaries within crystals tend to be wavy and
irregular, which may be the result of cyclic, smaller-scale resorption and growth, due to
thermal oscillation, which is an important process in experimental studies of textural
coarsening (e.g. Mills and Glazner, 2013).
Finally, upper Steens plagioclase have a wider range of trace element and Sr isotope
compositions and are commonly not in Sr isotope equilibrium with their groundmass. The
more heterogeneous trace element compositions and
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Sr/86Sr suggest that crystals

contained in a single sample did not form from the same melt. Therefore, the various
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compositions likely reflect the combination of preserved antecrystic material not fully
resorbed during entrainment and new growth via the proposed coarsening process. It is
critical to note that the trace element and Sr isotope characteristics of most of the upper
Steens plagioclase reflect growth in a more evolved magma, as demonstrate by the higher
Ba and lower MgO plagioclase concentrations and more radiogenic 87Sr/86Sr, compared to
those of lower Steens plagioclase. Additionally, the greater degree of zoning within crystals
suggests crystals grew in more than one melt environment, consistent with the antecryst
hypothesis. Compositional variation among some Deccan plagioclase is hypothesized to
have arisen from a similar process (Borges, 2007).
Hybrid samples. As with any idealized model of a natural system, there are samples
that have characteristics of both end-member models (Fig. 31). It is possible that the
entrained material in the lower Steens may not have completely resorbed prior to
eruption—remnants of antecrystic material may have been preserved. In this case, crystals
in chemical equilibrium with the groundmass would reflect new growth from the host melt
whereas crystals not in equilibrium with the host melt would reflect preservation of
antecrystic material, as proposed for most upper Steens plagioclase; this suggestion is
consistent with the variable 87Sr/86Sr of different plagioclase in a single sample (Fig. 27).
These crystals would also exhibit some textural evidence of resorption, such as sieve
texture or truncated zoning. In the case of lower Steens sample JS 19, one of the analyzed
plagioclase crystals is unzoned (87Sr/86Sr of core is within analytical uncertainty of its rim)
and is within equilibrium with its host groundmass (Fig. 3 of Appendix 6). A plagioclase
megacryst analyzed in the same sample, however, has a higher 87Sr/86Sr rim than core and
is not in equilibrium with its groundmass. This suggests that the unzoned phenocryst-sized
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Figure 31: Summary of the observations and interpretations for samples that exemplify each endmember hypothesis and select hybrid samples.
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plagioclase grew from the same melt in which it erupted, but that other, megacrystic
plagioclase is antecrystic.
Similarly, sample JS 22 (Fig. 4 of Appendix 6) contains mostly small plagioclase
that likely reflect nucleation and growth of plagioclase during ascent but also has one large
plagioclase glomerocryst. The crystals that make up the glomerocryst have oscillatory
zones that are wide but attenuating, similar to zoning found in plagioclase in lower Steens
NMSB 13, but these oscillations, which are interpreted to reflect continuous growth,
surround a core that exhibits evidence of resorption. Unfortunately, the TIMS Sr isotope
analysis of this crystal’s core failed, but the successful rim analysis was not in equilibrium
with the groundmass. The core has a dusty texture with tiny inclusions that suggests
disequilibrium conditions, and the outermost rim also appears resorbed, as its crystal
interface with the groundmass is rounded. Therefore, this glomerocryst likely grew to a
large size via textural coarsening, but was entrained by recharge magma, partially resorbed,
and erupted before additional plagioclase crystallization could occur. If the core is indeed
an entrained antecryst from an earlier Steens magma dominated by recharge, it would be
expected to contain less radiogenic Sr, which would also solve the apparent mass balance
discrepancy seen in Fig. 27.
A final example of preserved antecrystic material in the lower Steens is sample MF
9466, which has the highest whole-rock MgO (9.47 wt. %) of any sample analyzed for Sr
isotopes in this study and is sparsely plagioclase phyric. The two crystals appear
significantly resorbed, with sieve texture and irregular zoning (Fig. 1 of Appendix 6).
Neither crystal is in isotopic equilibrium with the groundmass, nor the other crystal. Given
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the apparent resorption and lack of other phenocryst-sized crystals, these two plagioclase
crystals are likely preserved antecrysts.
Isotopic disequilibrium in sample JS 37 and clearly resorbed crystal cores strongly
suggests that much of the plagioclase in this sample is antecrystic in origin, but the presence
of small crystals and lack of megacrysts suggest that coarsening was not a significant
process in this sample. This may be attributed to a shorter residence time in the magma
chamber or the tapping of a different crystal reservoir (perhaps the solidification front, as
this sample also has a low-An plagioclase rim and groundmass plagioclase (An26 and An5,
respectively).
Finally, sample JS 32 is a very sparsely phyric sample from which one small
plagioclase glomerocryst (consisting of microcrysts) was analyzed for

87

Sr/86Sr. Though

the single crystal analysis is within analytical uncertainty of the adjacent groundmass, both
are significantly less radiogenic than the whole-rock 87Sr/86Sr. The analyzed glomerocryst
has subtle, irregular zoning, which, along with the whole-rock/plagioclase
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Sr/86Sr

disequilibrium, suggests that this sample reflects a recharge event that resorbed whatever
plagioclase may have been present but erupted before plagioclase was able to crystallize.
Concluding Remarks
Giant plagioclase formation in the Steens Basalt can be described by two endmember models that reflect different stages of evolution of the Steens magma system (Fig.
31). Some abundant and giant plagioclase form in a relatively mafic magma system
characterized by MgO greater than ~6.5 wt. % MgO. Lower Steens samples NMSB 13 and
JS 26 exemplify the lava likely erupted from such a magma chamber. Plagioclase in these
samples grew in response to the entrainment of a plagioclase-bearing cumulate into a
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magma chamber in which plagioclase was not already crystallizing; plagioclase was
resorbed but then crystallized. Samples JS 54 and JS 55 likewise exemplify lavas erupted
from an upper Steens magma chamber in which plagioclase was stable. The characteristics
of these four samples are also present in samples for which comprehensive in situ
plagioclase data was not collected. For example, JS 55 strongly resembles upper Steens
sample STM 15, and NMSB 13 strongly resembles NMSB 20A, so the proposed model is
likely applicable to these samples as well.
The significance of this study, however, goes beyond explaining how and why
unusually large plagioclase form. The information emerging from my plagioclase analysis
provides important verification of interpretations of the magmatic processes that influenced
the Steens Basalt as a whole, such as the interplay of magma recharge, crustal assimilation,
and fractional crystallization. The conclusions drawn from this study exemplify the
interwoven nature of magma chamber processes and how they change over time, and the
integration of the models I have proposed with the work of collaborators provides a much
more complete picture of chronology of events that manifested in the early stages of a
large-volume basaltic eruptive event.
Whole-rock data and computational modeling alone suggested that the Steens
magmatic system was initially dominated by pulses of mafic recharge, which provided
thermal energy that resulted in increased assimilation of crustal material over time
(Bendaña, 2016; Graubard, 2016; Moore et al., in revision). These processes are in turn
responsible for the diverse populations of large and abundant plagioclase found in the
Steens. Textures and compositions of lower Steens plagioclase (exemplified by JS 26,
NMSB 13), suggest that plagioclase grew from an MgO-rich melt that had become
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saturated in plagioclase material, likely resulting from melting of entrained cumulate
plagioclase crystals. Not only does magma recharge provide a mechanism for cumulate
entrainment and resorption, the dominance of magma recharge also explains the low trace
element concentrations in lower Steens plagioclase, as recharge of more mafic magma
would dilute any trace element enrichment derived from fractional crystallization.
In addition, lower Steens plagioclase trace elements subtly decrease with
stratigraphic height (Fig. 23), and plagioclase 87Sr/86Sr becomes less radiogenic (Fig. 27).
This may indicate an increasing influence of magma recharge over time from initial
eruption of the lower Steens magmas discussed in this thesis, which thermally primed the
crust and resulted in the increased crustal assimilation that is suggested by the increasingly
more radiogenic upper Steens plagioclase and whole-rock analyses. This evolution resulted
in an upper Steens magma chamber in which plagioclase would have been stably
crystallizing. A more evolved magma chamber such as this is a key component of the model
I propose for the formation of large single-isolated plagioclase via textural coarsening that
is characteristic of the upper Steens. These conditions permit the preservation of antecrystic
material, some of which was subjected to textural coarsening; this model explains the
variability of Sr isotopes and trace elements in the upper Steens.
Future Work
The results of this study draw important connections between the petrography and
composition of plagioclase and the whole-rock data and computational modeling. The
interpretations I have presented are strongly supported by and complement the body of
collaborative research and illustrates the potential implications of continued research. In
situ analysis of clinopyroxene, for example, may further elucidate effects of open-system
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processes on the Steens magma chamber. The behavior of clinopyroxene in response to
cumulate entrainment may have important effects on the composition of the magma
chamber (e.g., MgO) that analysis of plagioclase alone cannot fully discern. Furthermore,
advances in the Magma Chamber Simulator will allow for computational modeling of trace
elements and Sr isotopes, which may further support the hypotheses emerging from
plagioclase data and major element modeling of cumulate entrainment. This study sets the
stage for further investigation of the processes the affect the evolution of a large-volume
basaltic magma systems, providing a window into the ever-changing processes that define
planet Earth.
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